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METHOD OF MANUFACTURING A
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to a semiconductor device
which has circuits structured by thin film transistors (hereai-
ter referred to as TFTs), and to a method of manufacturing the
semiconductor device. For example, the present mnvention
relates to an electro-optical device, typically a liquid crystal
display panel, and to electronic equipment 1n which this type
ol electro-optical device 1s installed as a part.

Note that, 1n the specification, the term, semiconductor
device, indicates a category of general devices which are
capable of functioning by utilizing semiconductor character-
istics, and electro-optical devices, semiconductor circuits,
and electronic equipment are all included in the category of
semiconductor devices.

2. Description of the Related Art

Development of a semiconductor device, which has a large
surface area integrated circuit formed by thin film transistors
(TF'Ts) structured by using semiconductor thin films (thick-
ness on the order of several nm to several hundred nm) formed
on a substrate with an insulating surface, has been advancing
1n recent years.

Active matrix liquid crystal modules, EL. modules, and
adhesion type 1mage sensors are known as typical examples.
In particular, TFTs using a silicon film with a crystalline
structure (typically a polysilicon film) as an active layer (such
TFTs are herealter referred to as polysilicon TFTs) have a
high electric field mobility, and theretfore it 1s possible to use
these TFTs to form circuits with various kinds of functional-
ity.

For example, a display portion for performing image dis-
play every function block, and driver circuits for controlling,
the pixel portion and 1including CMOS circuits as shift regis-
ter circuits, level shifter circuits, butler circuits, and sampling,
circuits, are all formed on one substrate for liquid crystal
modules 1nstalled 1n liquid crystal display devices.

Furthermore, a TFT (pixel TFT) 1s disposed 1n each of
several hundred thousand to several million pixels 1n a pixel
portion of an active matrix liquid crystal module, and a pixel
clectrode 1s formed 1n the pixel TFT. An opposing electrode 1s
formed on an opposing substrate side across liquid crystals to
form a kind of capacitor having the liquid crystals as dielec-
trics. There 1s a mechanism 1n which a voltage applied to each
pixel 1s controlled by the switching function of the TFT and
the liquid crystals are driven by controlling the electric charge
to the capacitor, to control the amount of light transmaitted and
display an 1image.

The pixel TFT 1s composed of an n-channel TFT, which
applies a voltage to the liquid crystals as a switching element,
to drive the liquid crystals. The liquid crystals are driven by
alternating current, and therefore a method referred to as
frame 1nversion drive 1s often employed. In order to suppress
clectric power consumption with this method, 1t 1s necessary
that the value of the off electric current of the pixel TFT (the
drain current that flows when the TFT 1s 1n off operation) 1s
suificiently reduced.

Conventionally, a semiconductor film 1s instantaneously
melted from the surface side 1n the case of wrradiating laser
light to the semiconductor film 1n order to increase crystalli-
zation. Then, heat transtfer to a substrate then occurs, and the
melted semiconductor film cools and solidifies from the sub-
strate side. Recrystallization occurs during the solidification
process to form a semiconductor film with a large grain size
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crystalline structure. There 1s temporary melting, however,
and volume expansion occurs to form unevenness in the sur-
face of the semiconductor film referred to as ridges. In par-
ticular, the surface with ridges in a top gate TFT becomes an
interface with a gate isulating film, and thereby the element
characteristics are greatly influenced.

In general, lasers often used in laser annealing are excimer
lasers and Ar lasers. A method, 1n which a pulse emission
laser beam with high output 1s processed by using an optical
system on a surface to be a rectangular spot which is several
cm square, or 1nto a linear shape, for example, with a length
equal to or greater than 10 cm, and then the 1rradiation posi-
tion of the laser beam 1s scanned relatively to the surface to be
irradiated, 1s preferably used because the high productivity
and the superiority for mass production. In particular, 1f a
laser beam with a linear shape (hereafter referred to as a linear
shape beam) 1n the surface to be 1irradiated 1s used, the entire
surface to be rradiated can be irradiated by scanning only 1n
a direction perpendicular to the longitudinal direction of the
linear laser beam, compared to a case of using a spot shape
laser beam 1n which front and back, and left and right scan-
ning 1s necessary. Productivity 1s thus high. Scanning n a
direction perpendicular to the longitudinal direction 1s per-
formed because the scanning direction has the highest eifi-
ciency. The use of linear shape beams, for which high output
lasers are processed using suitable optical systems, i laser
annealing 1s coming more and more into the mainstream due
to their high productivity. Further, by irradiating the linear
shape laser beam while gradually shifting in the short side
direction and overlapping, laser annealing with respect to the
entire surface of the amorphous silicon film can be per-
formed. Crystallization can be performed, and crystallinity
can be increased.

Laser annealing techniques are thus indispensable 1n

manufacturing semiconductor films possessing higher elec-
trical characteristics at lower cost.

However, a uniform amount of energy 1s not imparted over
the entire film with crystallization performed by using con-
ventional laser light, and in addition to ridges, wave shaped
traces where laser light has been 1rradiated also remain.

SUMMARY OF THE INVENTION

The present invention 1s a technique for solving this type of
problem. An object of the present invention 1s to increase the
operational characteristics of a semiconductor device, to
reduce dispersion between TFTs, and to make the semicon-
ductor device have low electric power consumption, in elec-
tro-optical devices, typically active matrix liquid crystal dis-
play devices manufactured using TFTs, and semiconductor
devices.

In particular, an object of the present invention is to lower
the value of the off electric current and obtain pixel TFTs
(n-channel TF'TS) 1n which dispersion 1s suppressed.

In order to solve the aforementioned problems, when many
experiments and considerations were performed from several
angles, 1t can be seen that the above problems can be solved,
in particular, the off electric current value can be reduced, by
increasing the levelness of semiconductor films using the
present ivention as follows: performing heat treatment to
crystallize a semiconductor film with an amorphous struc-
ture; irradiating a first laser light to the semiconductor film
under an atmosphere containing oxygen (energy density
between 400 and 500 mJ/cm?), thus to increase crystallinity:;
removing an oxide film formed by the first laser light irradia-
tion; and next performing irradiation of a second laser light
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under an atmosphere that does not contain oxygen (at an
energy density higher than that of the first laser light 1rradia-
tion).

However, while there 1s a technique (Japanese Patent
Application Laid-open No. 2001-60551) in which crystalli-
zation of a film having an amorphous structure 1s performed
by a first laser light and then leveling 1s performed by a second
laser light, the present invention 1s one in which the first laser
light 1s 1rradiated to a semiconductor film having a crystalline
structure. With the present invention, a semiconductor {ilm
having a crystalline structure can be obtained by using any of
the following methods: a method of crystallization by heat
treatment using an oven; a method of crystallization by heat
treatment using strong light from a lamp light source; a
method of crystallization by adding a small amount of a
metallic element and then performing heat treatment; or a
method of obtaining a film having a crystalline structure at the
film formation state by a method such as LPCVD.

If irradiation of the second laser light 1s performed at an
energy density from 30 mJ/cm? to 60 mJ/cm” higher than the
energy density of the first laser light irradiation for increasing
crystallinity (i.e. between 430 and 560 mJ/cm?), the levelness
can be greatly increased compared to that before laser light
irradiation. For example, the surface roughness (P-V value,
Ra, Rms) can be reduced to V2 or to 14 of the original value
betore 1rradiation. The surface of a semiconductor film 1rra-
diated with the second laser light with an energy density value
which is 60 mJ/cm* higher than that of the first laser light was
found to produce the highest levelness 1n a comparative
experiment.

A plot of the statistical data distribution of values of the off
clectric current (Vds=14 V) of n-channel TF'Ts manufactured
using semiconductor {ilms 1n which an oxide film 1s removed
alter performing the first laser light irradiation and then the
second laser light 1rradiation 1s performed, 1s shown 1n FIG.
12 by light circles (o). Further, for comparison, a plot of the
statistical data distribution of values of the off electric current
of n-channel TFTs for which only the first laser light 1rradia-
tion 1s performed 1s similarly shown in FI1G. 12 by dark circles
(*). The vertical axis shows percent in FIG. 12, and a value at
50% corresponds to an average value of the off electric cur-
rent. Further, the horizontal axis shows the value of the off
clectric current. For example, the region that all the plots
occupies, that 1s the size 1n the horizontal direction, becomes
larger as the dispersion increases. It can be seen from FI1G. 12
that the values of the off electric current are lower (the average
value 1s also lower) for the n-channel TFTs that have under-
gone the second laser light irradiation (light circles) than for
the n-channel TFT's that have only undergone the first laser
light 1rradiation (dark circles). It can also be seen that the
dispersion 1s small, between 3 pA and 20 pA (where p=10~
12).

Furthermore, a semiconductor film with a crystalline struc-
ture, which has good characteristics, can be obtained 1t a
technique for reducing the time required for crystallizing an
amorphous semiconductor film 1s used, 1n which a small
amount of metallic element such as nickel, palladium, or lead
1s added (disclosed 1n Japanese Patent Application Laid-open
No. He1 7-183540), for example, 11 heat treatment for 4 hours
at 550° C. 1 a nitrogen atmosphere 1s performed. Not only 1s
this technique effective 1n reducing the heat treatment tem-
perature necessary lfor crystallization, it 1s also possible to
increase the umidirectionality of the crystal onentation
arrangement. Not only 1s the electric field effect mobaility
increased 1f TFTs are manufactured using semiconductor
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films having this type of crystalline structure, but 1t 1s also
possible to make the subthreshold coellicient (S value)
smaller and to increase the electrical characteristics by leaps
and bounds. In addition, 11 laser annealing 1s performed, there
are cases 1n which the characteristics of the semiconductor
f1lm are increased more than cases in which crystallization 1s
performed using only heat treatment or laser annealing alone.
This laser annealing can be performed as 1rradiation of the
first laser light, removing an oxide film, and then 1rradiating
the second laser light. Note that 1t 1s necessary to optimize
heat treatment conditions and laser annealing conditions in
order to obtain good characteristics.

Further, leveling 1s additionally achieved by adding a small

amount of a metallic element such as nickel, palladium, or
lead.

Control of the generation of nucle1 during crystallization
becomes possible by using a metallic element for promoting
crystallization, and therefore the film quality obtained 1s more
uniform compared to that by another crystallization method
in which nucle1r generation 1s random. Ideally, 1t 1s preferable
that the metallic element be completely eliminated, or
reduced 1n concentration to an allowable range. However, the
metallic element (such as nickel, palladium, or lead) remains
in the semiconductor film with the crystalline structure thus
obtained. Even 1f the metallic element i1s distributed uni-
formly through the film, 1t will remain on average at a con-
centration exceeding 1x10'7/cm’. It is of course possible to
form all types of semiconductor elements, such as TFTs, 1n
this state, but the metallic element 1s removed using a getter-
ing technique shown below.

First, an oxide film that becomes an etching stopper (bar-
rier layer) 1s formed on a semiconductor film having a crys-
talline structure. A semiconductor film containing an inert gas
clement (gettering sites) 1s then formed, the metallic element
1s gettered to the gettering sites, and the semiconductor film
containing the mert gas element i1s removed. Note that the
inert gas element 1s one element, or a plurality of elements,
selected from the group consisting of He, Ne, Ar, Kr, and Xe,
dangling bonds and lattice distortions are formed by making
the semiconductor film containing 10ons of the mert gas ele-
ment, and gettering sites can thus be formed. In this specifi-
cation, the term barrier layer indicates a layer having a film
quality or a film thickness through which the metallic element
1s capable of passing during gettering, and which becomes an
etching stopper during a process for removing the gettering
site layer.

The gettering effect can be increased by irradiating the
second laser light before forming the oxide film for increasing
levelness 1n applying this gettering techmque. In other words,
it 1s extremely eflective to irradiate the second laser light
before gettering to perform leveling and reduce ridges in
which the metallic element easily segregates. One structure of
the present invention 1s a method of manufacturing a semi-
conductor device, the method has a step of performing get-
tering after performing a leveling process of the semiconduc-
tor film.

Furthermore, levelness is increased by 1rradiating the sec-
ond laser light after adding the metallic element for perform-
ing crystallization.

Experimental results of measuring the surface roughness
(P-V value, Ra, Rms, Rz, and Aa), using AFM, 1n a semicon-
ductor film after performing the first laser light 1rradiation,

and then after performing the second laser light 1rradiation,
are shown 1n FIG. 20 and 1n Table 1.
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TABLE 1
P-V value (nm) Ra value (nm) Rms (nm) Rz (nm) Aa
AFM measurement area (um)
4x4 50x50 4x4 50x50 4x4 50x50 4x4 4 x4
After first laser 01.32 10238 1049 832 12,97 10.21 68.4 2.273°
light 1rradiation
After second laser 20.23 3645 2.14 1.29 2.61 1.73 18 0.504°

light 1rradiation

Further, FI1G. 20 1s a diagram showing observation by AFM
of samples for which nickel 1s added to perform crystalliza-
tion, irradiation of the first laser light (energy density: 452.5
mJ/cm?) is performed in the air, and irradiation of the second
laser light (energy density: 501 mJ/cm®) is performed under a
nitrogen atmosphere.

For comparison, experimental results of measurements by
AFM of the surface roughness (P-V value, Ra, Rms, Rz, and
Aa) 1n a semiconductor film after crystallization without add-
ing a metallic element the first laser light irradiation, and after

the second laser light irradiation, are shown 1n FIG. 21 and in
Table 2.

15

20

treatment at high temperature (from 900 to 1200° C.) in a
reducing atmosphere (typically hydrogen), or chemical or
mechanical polishing processing (typically CMP)). Further-
more, leveling may also be performed by the second laser
light 1rradiation in combination with one of the aforemen-
tioned methods.

Alternatively, leveling may also be increased by applying a
gettering technique, removing an oxide film used as an etch-
ing stopper, and then irradiating the second laser light. Fur-
thermore, the amount of an inert gas element within the
crystalline structure semiconductor film can be reduced or
removed by 1rradiating the second laser light 11 the inert gas

TABLE 2
P-V value (nm) Ra value (nm) Rms (nm) Rz (nm) Aa
AFM measurement area (um)
4x4 50x50 4x4 50x50 4x4 50x50 4x4 4 x4
After first laser 79.59  R81.12 11.09 864 13.36 10.38 68.4 1.981°
light irradiation
After second laser 30.78 110.65 292 1.74 3.57 2.28 21.9 0.77°

light 1rradiation

Further, FI1G. 21 1s a diagram showing observation by AFM
of samples for which irradiation of the first laser light (energy
density: 452.5 mJ/cm?) is performed in the air to perform
crystallization, and irradiation of the second laser light (en-

ergy density: 521 mJ/cm?) is performed under a nitrogen
atmosphere.

From Table 1 and Table 2, 1t can be seen that the process of
adding the metallic element and then performing crystalliza-
tion gives superior levelness after laser light irradiation. In
particular, extreme levelness 1s found after performing the
second laser light irradiation. The P-V value 1s 20.23 nm, Ra
15 1.29 nm, Rms 1s 1.73 nm, Rz 1s 18 nm, and Aa 1s 0.504°.
Note that measurements were performed with regions having,
dimensions of 4 umx4 um, and 50 umx50 um used as mea-
surement regions.

It 1s disclosed in Japanese Patent Application Laid-open
No. 2001-60551 that crystallization of a film 1s performed by
a first laser light, and then leveling 1s performed by a second
laser light 1rradiation. However, increased levelness by add-
ing a metallic element and increased gettering power are not
disclosed. The present invention 1s thus completely novel.

Further, from FIG. 20 and FIG. 21, the states of the semi-
conductor film surtaces are each different.

There are no particular limitations on the above stated
structure of the present invention (leveling before gettering).
The gettering eflect can be increased by performing gettering
alter performing leveling using a leveling means other than
irradiation of the second laser light (such as etching using an
etchant liquid or a reaction gas (typically dry etching), heat
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clement 1s added to the crystalline structure semiconductor
film during formation of the semiconductor film containing
the mnert gas element.

A first structure of the present invention disclosed in this
specification 1s a method of manufacturing a semiconductor
device, having: a first step of forming a semiconductor film
having an amorphous structure on an insulating film; a second
step of performing heat treatment of the semiconductor film
and performing irradiation of first laser light to perform crys-
tallization, and forming a semiconductor {ilm having a crys-
talline structure and forming an oxide film on the semicon-
ductor film having the crystalline structure; a third step of
removing the oxide film; and a fourth step of irradiating
second laser light under an inert gas atmosphere or 1n a
vacuum to level the surface of the semiconductor film having
the crystalline structure.

In the first structure of the present invention, the energy
density of the second laser light in the fourth step 1s higher
than the energy density of the first laser light 1n the second
step. If the second laser light irradiation 1s performed at an
energy density that is 30 mJ/cm” to 60 mJ/cm? higher than the
energy density in the first laser light irradiation, the levelness
will increase significantly compared to the levelness before
irradiation.

A second structure of the present invention 1s a method of
manufacturing a semiconductor device, having: a first step of
forming a first semiconductor film having an amorphous
structure on an 1nsulating surface; a second step of adding a
metallic element to the first semiconductor film; a third step of
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performing heat treatment of the first semiconductor film and
performing 1rradiation of first laser light thus to form a first
semiconductor film having a crystalline structure and an
oxide film on the first semiconductor film having the crystal-
line structure; a fourth step of performing oxidation of the
surface of the first semiconductor film having the crystalline
structure by using a solution containing ozone; a fifth step of
forming a second semiconductor film containing an inert gas
clement on the oxide film; a sixth step of gettering the metallic
clement 1nto the second semiconductor film thus to remove
the metallic element from or reduce the concentration of the
metallic element 1n the first semiconductor film having the
crystalline structure; a seventh step of removing the second
semiconductor film; an eighth step of removing the oxide
f1lm; and a ninth step of irradiating second laser light under an
inert gas atmosphere or in a vacuum to level the surface of the
first semiconductor film.

The amount of time needed for crystallization can be
reduced or the heat treatment temperature needed for crystal-
lization can be reduced by using a metallic element for pro-
moting the crystallization of silicon, as 1n the second structure
of the present invention. Performing irradiation of the second
laser light after gettering, to perform leveling and thus reduce
the amount of the 1nert gas element within the first semicon-
ductor film, 1s extremely effective.

In the second structure of the present invention, the sixth
step 1s one 1n which thermal processing performed using an
oven, or irradiation of strong light to the semiconductor film,
or both of the thermal processing and the 1rradiation of strong
light to the semiconductor film.

Note that the strong light 1s light emitted from a halogen
lamp, a metal halide lamp, a xenon arc lamp, a carbon arc
lamp, a high pressure sodium lamp, or a high pressure mer-
cury lamp.

Further, 1n the second structure of the present invention the
energy density of the second laser light 1n the ninth step 1s
higher than the energy density of the first laser light 1n the
third step.

A third structure of the present mvention 1s a method of
manufacturing a semiconductor device, having: a first step of
forming a first semiconductor film having an amorphous
structure on an 1nsulating surface; a second step of adding a
metallic element to the first semiconductor film having the
amorphous structure; a third step of performing heat treat-
ment of the first semiconductor film and then performing
irradiation of first laser light to thus perform crystallization,
and forming a first semiconductor film having a crystalline
structure and an oxide film on the first semiconductor film
having the crystalline structure; a fourth step of removing the
oxide film; a fifth step of 1rradiating laser light under an 1nert
gas atmosphere or 1n a vacuum to level the surface of the first
semiconductor film having the crystalline structure; a sixth
step of forming a barrier layer on the surface of the first
semiconductor film having the crystalline structure; a seventh
step of forming a second semiconductor film containing an
inert gas element on the barrier layer; an eighth step of get-
tering the metallic element into the second semiconductor
film to remove the metallic element from or reduce the con-
centration of the metallic element 1n the crystalline first semi-
conductor film; and a ninth step of removing the second
semiconductor film.

Further, the amount of time needed for crystallization can
be reduced or the heat treatment temperature needed for crys-
tallization can be reduced by using a metallic element for
promoting the crystallization of silicon, as 1n the third struc-
ture of the present invention. Performing irradiation of the
second laser light before gettering to perform leveling thus
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and reduce ridges 1n which the metallic element easily seg-
regates, 1s extremely eflective.

In the third structure of the present invention, the sixth step
of forming a barrier layer may be a step of oxidizing the
surface of the first semiconductor film having the crystalline
structure by using a solution containing ozone, or a step of
oxidizing the surface of the first semiconductor film having
the crystalline structure by wrradiating ultraviolet rays, or a
step of oxidizing the surface of the first semiconductor film
having the crystalline structure by 1rradiating laser light and
additionally oxidizing the surface of the first semiconductor
film having the crystalline structure by using a solution con-
taining ozone, or a combination of these steps.

In the third structure of the present invention, the eighth
step 1s one 1n which thermal processing performed using an
oven, or irradiation of strong light to the semiconductor film,
or thermal processing and then irradiation of strong light to
the semiconductor film are both performed.

Note that the strong light 1s light emitted from a halogen
lamp, a metal halide lamp, a xenon arc lamp, a carbon arc
lamp, a high pressure sodium lamp, or a high pressure mer-
cury lamp.

Furthermore, the inert gas atmosphere in any one of the first
to third structures of the present invention 1s a nitrogen atmo-
sphere.

The heat treatment 1n the third step of the second structure
or the third structure of the present invention 1s thermal pro-
cessing or irradiation of strong light.

In the second structure or the third structure of the present
invention, the second semiconductor film 1s formed by sput-
tering using a semiconductor as a target 1n an atmosphere
containing an inert gas element. Further, the second semicon-
ductor film may also be formed by forming a semiconductor
film using plasma CVD or reduced pressure thermal CVD,
and then adding an 1nert gas element to the semiconductor
film. In addition, the second semiconductor film containing
an 1nert gas element may also be formed directly by plasma
CVD or reduced pressure thermal CVD.

In the second structure or the third structure of the present
invention, the second semiconductor film may also be formed
by sputtering using a semiconductor target containing phos-
phorous or boron 1 an atmosphere containing an inert gas
clement.

The metallic element 1n the second or the third structure of
the present mnvention 1s an element, or a plurality of elements,
selected from the group consisting of Fe, N1, Co, Ru, Rh, Pd,
Os, Ir, Pt, Cu, and Au. Among these, N1 1s optimal for pro-
moting the crystallization of silicon.

The inert gas element in the second structure or the third
structure of the present invention 1s an element, or a plurality
of elements, selected from the group consisting of He, Ne, Ar,
Kr, and Xe. Among these, the low cost gas Ar 1s optimal.

The laser light may also be selectively irradiated 1n an 1nert
gas atmosphere or 1n a vacuum 1n any one of the first to third
structures according to the present invention. For example, 1n
the case of forming a pixel portion and driver circuits on the
same substrate, leveling may be performed by selectively
irradiating laser light only to the pixel portion, where reduc-
tion of the off electric current and dispersions are seen as
important, 1n the ert gas atmosphere or 1n a vacuum.

Further, gaseous state laser such as excimer laser, solid
state laser such as Y VO, laser or YAG laser, or semiconductor
laser may be used for the first laser light and the second laser
light. The laser emission may be continuous emission or pulse
emission, and the shape of the laser beam may be linear,
rectangular, circular, or elliptical. The wavelength used may
be suitably selected from any of the fundamental harmonaic,
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the second harmonic, and the third harmonic. Furthermore,
vertical, horizontal, or diagonal direction scanning may be
used as a method of scanning, and 1n addition, round trip
scanning may also be performed.

Leveling can be performed by the 1rradiation of the second
laser light, with no relation to the unevenness 1n the base film
or the substrate. Therefore, even 1f microscopic debris
adheres to the substrate before forming the semiconductor
film, the surface of the semiconductor film can be made level
by 1rradiating the second laser light.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1G are diagrams for explaining Embodiment
Mode 1:

FIGS. 2A and 2B are diagrams for explaining Embodiment
Mode 1;

FIGS. 3A to 3H are diagrams for explaining Embodiment
Mode 2;

FIGS. 4A to 4C are diagrams showing a method of manu-
facturing an AM-LCD;

FIGS. 5A to 5C are diagrams showing the method of manu-
facturing an AM-LCD;

FIG. 6 1s a cross sectional structure diagram of an active
matrix substrate;

FIG. 7 1s an upper surface diagram showing an external
view of a liquid crystal module;

FI1G. 8 1s a diagram showing an example of a cross sectional
diagram of a liquid crystal display device;

FIGS. 9A and 9B are diagrams showing an upper surtace
and a cross section, respectively, of an ELL module;

FIG. 10 1s a diagram showing a cross section of an EL
module;

FIG. 11 1s a diagram showing a state of a laser processing
apparatus;

FIG. 12 1s a statistical data distribution diagram for off
current values (with Vds=14 V);

FI1G. 13 1s a diagram showing the relationship between the
energy density of a second laser light and the P-V value;

FIGS. 14 A to 14F are diagrams showing examples of elec-
tronic equipment;

FIGS. 15A to 15D are diagrams showing examples of
clectronic equipment;

FIGS. 16 A to 16C are diagrams showing examples of
clectronic equipment;

FIGS. 17A and 17B are graphs showing TFT characteris-
tics (ofl current value);

FI1G. 18 1s a graph showing TFT characteristics (S value);

FIG. 19 1s a graph showing TFT characteristics (electric
field effect mobility);

FI1G. 20 shows the results of AFM observation of a semi-
conductor {ilm surface (4 umx4 um);

FIG. 21 shows the results of AFM observation of a com-
parative sample ol a semiconductor film surface (4 umx4
pm);

FI1G. 22 1s a TEM photograph showing the vicimity of a gate
clectrode (Embodiment 1); and

FI1G. 23 1s a TEM photograph showing the vicimity of a gate
clectrode (Comparative Sample).

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention are explained below.
The present invention has: a process of forming a semicon-
ductor film which has an amorphous structure on an insulat-
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ing surtace; a process of adding a metallic element to the
semiconductor film for promoting crystallization; a process
of performing heat treatment and forming a semiconductor
f1lm which has a crystalline structure; a process of irradiating
first laser light, 1n a atmosphere or 1n an oxygen atmosphere,
to 1improve the crystallinity of the semiconductor film and
form an oxide film; a process of removing the oxide film; a
process of rrradiating second laser light which has a higher
energy density than that of the first laser light, for example,
from 30 mJ/cm” to 60 mJ/cm” higher, in an inert gas atmo-
sphere or 1n a vacuum, to level the surface of the semicon-
ductor film; and a process of removing or lowering the con-
centration the metallic element within the crystalline
structure semiconductor film by gettering. Note that the pro-
cess of leveling the surface of the semiconductor film by
irradiating the second laser light may also be performed after
performing gettering, and may also be performed after pat-
tering the crystalline structure semiconductor film into a
desired shape.

Typical TFT manufacturing processes using the present
invention are shown briefly below using FIGS. 1A to 3H.

Embodiment Mode 1

Reference numeral 100 1n FIG. 1A denotes a substrate
having an isulating surface, reference numeral 101 denotes
an 1nsulating film that becomes a blocking layer, and refer-
ence numeral 102 denotes a semiconductor film having an
amorphous structure.

Substrates such as a glass substrate, a quartz substrate, or a
ceramic substrate can be used as the substrate 100 1n FIG. 1A.
Further, a silicon substrate, a metallic substrate, or a stainless
steel substrate, which has an insulating film formed on the
surface, may also be used. A plastic substrate may also be
used if the heat resistance 1s able to withstand the processing
temperatures in the processes of Embodiment Mode 1.

First, the base insulating film 101 1s formed on the substrate
100 from an insulating film such as a silicon oxide film, a
silicon nitride film, or a silicon oxynitride film (S1O,N_), as
shown 1n FIG. 1A. A typical example 1s a two layer structure
as the base msulating film 101. The structure 1s employed, 1n
which a first silicon oxynitride film formed to have a thick-
ness of 50 to 100 nm using S1iH,, NH;, and N,O as reaction
gas, and a second silicon oxynitride film formed to have a
thickness of 100 to 150 nm using SiH, and N,O as reaction
gas are laminated. Further, 1t 1s preferable to use a silicon
nitride film (SiN film) with a film thickness of 10 nm or less
or a second silicon oxynitride film (S10, N_, film, where x>>y)
as one layer of the base insulating film 101. Nickel has a
tendency to easily move to regions including oxygen with a
high concentration, and therefore 1t 1s extremely effective to
use a silicon nitride film as the base insulating film that
contacts the semiconductor film. Further, a three layer struc-
ture 1n which a first silicon oxynitride film, a second silicon
oxynitride film, and a silicon nitride film are laminated 1n
order may also be used.

The first semiconductor film 102 with an amorphous struc-
ture 1s then formed on the base insulating film. As the first
semiconductor film 102, a semiconductor material which has
silicon as 1ts main constituent 1s used. A film such as an
amorphous silicon film or an amorphous silicon germanium
f1lm 1s typically applied, and 1s formed to have a thickness of
10 to 100 nm by plasma CVD, reduced pressure CVD, or
sputtering. It 1s preferable to reduce the concentration of
impurities such as oxygen and nitrogen contained in the first
semiconductor film 102 to a concentration of 5x10'%/cm” or
less (atomic concentration measured using secondary ion
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mass spectrometry, (SIMS)) 1n order to obtain a semiconduc-
tor film with a satisfactory crystalline structure by later crys-
tallizing. These impurity elements cause interference in the
later crystallization, and also cause the concentration of cap-
ture centers and recombination centers to increase aiter crys-
tallization. It 1s therefore desirable to use material gas with
high purity and to employ an ultra-high vacuum CVD appa-
ratus 1n which the mside of 1ts reaction chamber has under-

gone mirrored surface processing (electrolytic polishing),
and which 1s provided with an o1l free vacuum evacuation
system.

Crystallization 1s performed next using the technique dis-
closed in Japanese Patent Application Laid-open No. Hei
8-78329 as a technique for crystallizing the first semiconduc-
tor film 102. The technique 1n Japanese Patent Application
Laid-open No. He1 8-78329 1s that a metallic element for
promoting crystallization 1s selectively added to the amor-
phous silicon film, and heat treatment 1s performed. A semi-
conductor film 1s thus formed which has a crystalline struc-
ture spreading out from the region to which the metallic
clement 1s added. First, a nickel acetate solution containing 1
to 100 ppm by weight of a metallic element (nickel 1s used
here) which has a catalytic action for promoting crystalliza-
tion 1s applied to the surface of the first semiconductor film
102 by a spinner to form a mickel contaiming layer 103. (See
FIG. 1B.) A means for forming an extremely thin film by
sputtering, evaporation, or plasma processing may also be
employed as an other means for forming the nickel containing
layer 103. Furthermore, although an example 1n which appli-
cation 1s performed over the entire surface 1s shown here, the
nickel containing layer may be formed selectively by forming
a mask.

Heat treatment 1s performed next to perform crystalliza-
tion. In this case, silicides are formed at portions of the semi-
conductor film which are 1n contact with the metallic element
that promotes crystallization of semiconductor, and then
crystallization proceeds with the suicides acting as nucle1. A
first semiconductor film 104 with a crystalline structure 1s
thus formed as shown 1 FIG. 1C. Note that 1t 1s desirable that
the concentration of oxygen contained 1n the first semicon-
ductor film 104q after crystallization be is 5x10"*/cm” or less.
Heat treatment for dehydrogenation is here performed at 450°
C. for one, and then heat treatment for crystallization 1s per-
formed for 4 to 24 hours at 550 to 650° C. Further, 1t 1s
possible to use one kind or a plurality of kinds, selected from
the group consisting of infrared light, visible light, and ultra-
violet light 1n the case of performing crystallization by 1rra-
diating strong light. Light emitted from a halogen lamp, a
metal halide lamp, a xenon arc lamp, a carbon arc lamp, a high
pressure sodium lamp, or a high pressure mercury lamp 1s
typically used. A light source of a lump may be turned on for
1 to 60 seconds, preferably 30 and 60 seconds, and this
operation may be repeated one to 10 times to heat the semi-
conductor film 1nstantaneously to a temperature on the order
of 600 to 1000° C. Note that, if necessary, heat treatment for
emitting hydrogen contained 1n the first semiconductor film
102 may also be performed before 1rradiating strong light.
Furthermore, crystallization may also be performed by using
heat treatment and 1rradiation of strong light at the same time.
Considering productivity, 1t 1s preferable that crystallization
be performed by strong light 1rradiation.

The metallic element (mickel here) remains 1n the first
semiconductor {ilm 104a thus obtained. Although the metal-
lic element 1s not distributed uniformly through the film, a
concentration exceeding 1x10'”/cm” remains on average. Itis
of course possible to form various types of semiconductor
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elements such as TFTs even 1n this state, but the metallic
clement 1s removed by a method later.

Laser light (first laser light) 1s next irradiated to first semi-
conductor {ilm 104q with the crystalline 1n an atmosphere or
in an oxygen atmosphere, in order to increase crystallinity
(proportion of crystalline components to the total volume of
the film) and 1n order to repair defects remaining in crystal
grains. Unevenness 1s formed 1n the surface and a thin oxide
f1lm 1054 1s formed 11 laser light (a first laser light) 1s 1rradi-
ated. (See FIG. 1D). Continuous emission or pulse emission
laser with a wavelength of 400 nm or less, such as excimer
laser, YAG laser, YVO, laser, YLF laser, YAIO, laser, glass
laser, ruby laser, alexandrite laser, or Ti:sapphire laser, can be
used for the laser light (the first laser light). Further, light
emitted from an ultraviolet light lamp may also be used as a
substitute for excimer laser light.

IT such laser 1s employed, a method, 1n which laser light
emitted form a laser oscillator 1s condensed 1nto a linear shape
by an optical system to irradiate the semiconductor film, may
be used. Although conditions for crystallization may be suit-
ably set by the operator, the pulse emission frequency is set to
30 Hz and the laser energy density 1s set from 100 to 400
mlJ/cm? (typically between 200 and 300 mJ/cm?) in the case
of using pulse emission excimer laser. Further, the second
harmonic or the third harmonic may be utilized if a pulse
emission YAG laser or YVO, laser 1s used, with the pulse
emission frequency set from 1 to 10 kHz and the laser energy
density set from 300 to 600 mJ/cm? (typically, between 350
and 500 mJ/cm®). The laser light, condensed into a linear
shape with a width of 100 to 1000 um, for example 400 wm,
may then be 1rradiated over the entire substrate surface with
the overlap ratio of the linear shape laser light between 50 and
08%.

Furthermore, in the case of using continuous emission
laser, typically YVO, laser, laser light emitted from continu-
ous emission Y VO, laser with 10 W output 1s converted into
a harmonic (second harmonic to fourth harmonic) by a non-
linear optical element There 1s also a method 1n whichYVO,
crystals and non-linear optical elements are inserted in a laser
oscillator to emit a harmonic. It 1s preferable to form laser
light mto a rectangular or elliptical shape over an irradiation
surface by an optical system, and then 1rradiate an object to be
processed. It 1s necessary for the energy density to be set from
0.01 to 100 MW/cm” (preferably 0.1 to 10 MW/cm?). It is
then preferable to irradiate the laser light by relatively moving
a semiconductor film to the laser beam at a speed of 0.5 to
2000 cm/s.

In addition, an oxide film (referred to as a chemical oxide
f1lm) 1s formed by using an ozone containing aqueous solu-
tion (typically ozone water) to form a barrier layer 1055 of an
oxide film with a total thickness of 1 to 10 nm. Then, a second
semiconductor film 106 containing an nert gas element 1s
formed on the barrier layer 1055 (FIG. 1E). Note that the
oxide film 105a formed 1n 1irradiating laser light 1s to the first
semiconductor film 1044 with the crystalline structure, 1s also
considered to be a portion of the barrier layer here. The barrier
layer 1055 functions as an etching stopper in selectively
removing the second semiconductor film 106 alone later.
Further, the chemical oxide can also be formed similarly by
processing with an aqueous solution 1n which an acid such as
sulfuric acid, hydrochloric acid, or nitric acid 1s mixed with
aqueous hydrogen peroxide as a substrate for the ozone con-
taining aqueous solution. It may also be used as an another
method of forming the barrier layer 1055 that ozone 1s gen-
crated by irradiating ultraviolet light in an oxygen atmo-
sphere and the surface of the semiconductor film with the
crystalline structure 1s oxidized. In addition, an oxide film
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with a thickness on the order of 1 to 10 nm may also be
deposited as a barrier layer with a method such as plasma
CVD, sputtering, or evaporation as an another method for
forming the barrier layer 105b.

It 1s preferable to clean the surface of the semiconductor
f1lm with the crystalline structure and then remove films such
as a natural oxide film and an oxide film formed 1n laser
irradiation before forming the barrier layer 1f a method such
as plasma CVD, sputtering, or evaporation 1s used.

Furthermore, silane gas (such as monosilane, disilane, or
trisilane) and nitrogen oxide gas (gas denoted by NO_) are
used as material gas 1f plasma CVD 1s used in forming the
barrier layer. For example, a silicon oxymitride film with a
thickness equal to or less than 10 nm, preferably equal to or
less than 5 nm, 1s formed by using monosilane (S1H,) and
nitrous oxide (N,O), or TEOS gas and N,O, or TEOS gas,
N,O and O,. Compared with oxide films obtained by using an
ozone containing aqueous solution (typically ozone water)
(referred to as chemical oxides), and oxide films obtained by
generating ozone with rrradiation of ultraviolet under an oxy-
gen atmosphere and oxidizing the surface of a semiconductor
film with a crystalline structure, the silicon oxynitride film
formed by plasma CVD has a higher adhesion with the first
semiconductor film, and peeling does not occur during the
later process (forming the second semiconductor film). A
treatment with argon plasma may also be performed before
forming the barrier layer 1n order to additionally enhance the
adhesion. Furthermore, a metallic element 1s able to pass
through the barrier layer and migrate to gettering sites 1n a
gettering process, provided that the barrier layer 1s a silicon

oxynitride film within the aforementioned range of the film
thickness.

A thin oxide film may also be formed by using a clean oven
to heat at a temperature on the order of 200 to 330° C. as
another method of forming the barrier layer 10556. Although
there are no particular limitations on forming the barrier layer
1055, provided that it 1s formed by one of, or a combination
of, the above stated methods, it 1s necessary to have a film
quality or a film thickness in order that nickel in the first
semiconductor film 1s capable of moving to the second semi-
conductor film 1n gettering later.

The second semiconductor film 106 containing the inert
gas element 1s formed by sputtering here to form gettering
sites (F1G. 1E). Note that 1t 1s preferable that the conditions 1n
sputtering are suitably regulated in order that the mert gas
clement 1s not added to the first semiconductor film. One
clement, or a plurality of elements, selected from the group
consisting of helium (He), neon (Ne), argon (Ar), krypton
(Kr), and xenon (Xe) are used as the inert gas element. Among
these elements, 1t 1s preferable to use argon (Ar) which 1s low
cost gas. A target of silicon 1s used 1n an atmosphere contain-
ing the inert gas element here to form the second semicon-
ductor film. There are two meanings associated with includ-
ing 1ons of rare gas element that 1s inert gas within the film;
One 1s that dangling bonds are formed to impart distortions to
the semiconductor film, and the other 1s that distortions are
formed within lattices of the semiconductor film. The distor-
tions within the lattices of the semiconductor film can be
obtained remarkably if an element with a greater atomic
radius, such as argon (Ar), krypton (Kr), or xenon (Xe) than
that of silicon 1s used. Not only are lattice distortions formed
by 1ncluding the rare gas element within the film, unpaired
bonds are also formed to contribute to gettering action.

Furthermore, gettering can be performed utilizing the Cou-
lomb force of phosphorous 1n addition to gettering with rare
gas element, 1n the case of forming the second semiconductor
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film by using a target containing phosphorous which 1s an
impurity element with a single conductivity type.

It 1s preferable that the concentration of oxygen contained
in the second semiconductor film 106 be higher than the
concentration ol oxygen contained 1n the first semiconductor
film, for example equal to or greater than 5x10"*/cm’, since
nickel has a tendency to easily move to regions containing
oxygen with a high concentration during gettering.

A heat treatment 1s performed next to perform gettering,
for reducing the concentration of the metallic element
(nickel) 1n, or removing the metallic element from, the first
semiconductor film (FIG. 1F). A treatment of irradiating
strong light or thermal treatment may be performed as the
heat treatment. The metallic element moves 1n the direction of
the arrow 1n FIG. 1F (that 1s, 1n the direction from the sub-
strate side toward the surface of the second semiconductor
f1lm), to perform removing the metallic element or lowering
the concentration of the metallic element, contained 1n the
first semiconductor film 104a covered by the barner layer
1055. The distance where the metallic element move during
gettering may be a distance at least on the order of the thick-
ness of the first semiconductor film, and gettering can be
accomplished 1n a relatively short amount of time. Sufficient
gettering 1s performed 1n order that all of the nickel 1s made to
move to the second semiconductor film 106 without segre-
gating 1n the first semiconductor film 1044 and that nickel
contained in the first semiconductor film 104a hardly exists.
That 1s, gettering 1s performed so that the concentration of the
nickel within the first semiconductor film becomes equal to or
less than 1x10"'%/cm”, preferably equal to or less than 1x10"7/
cm”.

Further, there 1s a case 1n which the ratio of crystallization
in the first semiconductor film can also be enhanced and
defects remaining within the crystal grains can be repaired at
the same time as gettering 1n accordance with the conditions
of heat treatment for gettering. In other words, the crystallin-
ity can be improved.

In this specification, the term gettering indicates emission
of a metallic element from a region to be gettered (the first
semiconductor film here) by thermal energy, and movement
of the metallic element to gettering sites by diffusion. Accord-
ingly, gettering 1s dependent upon the processing tempera-
ture, and proceeds 1n a shorter amount of time with higher
temperature.

Further, a light source of a lump for heating 1s turned on for
1 to 60 seconds, preferably for 30 to 60 seconds, and this
operation 1s repeated for 1 to 10 times, preferably between 2
and 6 times, 1n the case of using a process of irradiating strong
light as the heat treatment for gettering. Although the light
emission strength ol the light source may be set arbitrarily, the
semiconductor {ilm made to be nstantaneously heated to a
temperature of 600 to 1000° C., preferably 700 and 750° C.

In the case of performing thermal treatment, heating may
be conducted 1n a nitrogen atmosphere at a temperature o1 450
to 800° C. for 1 to 24 hours, for example, at 550° C. for 14
hours. Strong light may also be irradiated 1n addition to the
thermal treatment.

Next, the second semiconductor film 106 only is selec-
tively removed with using the barrier layer 1055 as an etching
stopper, and the barrier layer formed of the oxide film 1055 1s
also removed. Dry etching which does not utilize a CIF,
plasma, or wet etching by using an alkaline solution such as
hydrazine or an aqueous solution containing tetracthyl-am-
monium-hydroxide (chemical formula (CH,),NOH)) can be
performed as the method of selectively etching only the sec-
ond semiconductor film. Further, 1t 1s preferable to remove the
barrier layer after removing the second semiconductor film
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since nickel 1s detected at high concentration on the surface of
the barrier layer by measuring the nickel concentration with
TXREF. The barrier layer may be removed by an etchant con-
taining hydrofluoric acid.

Laser light (a second laser light) 1s then irradiated to the
first semiconductor film with the crystalline structure in a
nitrogen atmosphere or in a vacuum. The height difference in
the unevenness formed due to the irradiation of the first laser
light (peak to valley, P-V: the difference between the maxi-
mum value and minimum value of the height) i1s reduced
when the second laser light 1s irradiated. Namely, leveling 1s
performed (FIG. 1G). The P-V value of the unevenness may
be observed by AFM (atomic force microscopy). With AFM,
it 1s possible to measure the center line average roughness
(Ra), the root-mean-square value of the roughness (Rms), the
ten point average surface roughness (Rz), and the average
slope angle (Aa) as other indicators for showing surface
roughness. Specifically, a surface which has an unevenness
formed by the irradiation of the first laser light and a P-V
value of the unevenness on the order of 80 to 100 nm, can have
its P-V value reduced to be equal to or less than 40 nm,
preferably equal to or less than 30 nm, by wrradiating the
second laser light. Furthermore, a surface in which the Ra
value 1s approximately 10 nm can have 1ts Ra value reduced to
be equal to or less than 2 nm by wrradiating the second laser
light. The Rms value can be reduced to be equal to or less than
2 nm by 1rradiating the second laser light for a surface 1n
which the Rms value 1s approximately 10 nm. In addition, a
surface which has an Rz of approximately 70 nm can have 1ts
Rz value reduced to be equal to or less than 20 nm by 1rradi-
ating the second laser light. Finally, a surface which has a Aa
value of approximately 2° can have a Aa value equal to or less
than 1° by 1rradiating the second laser light.

Note that the above values (P-V value, Ra, Rms, Rz, and
Aa) are values in the case of measuring with an area region
which has a surface area of 4 umx4 um, or 50 umx50 um.

Excimer laser light which has a wavelength equal to or less
than 400 nm, or the second harmonic or the third harmonic of
YAG laser 1s used for the laser light (the second laser light).
Further, light emitted from an ultraviolet light lamp may be
used as a substitute for the excimer laser light.

The inventors of the present invention performed the
experiment shown below.

Experiment

First, a test piece 1s prepared with a base msulating film (a
silicon oxynitride film with a film thickness of 150 nm)
formed on a glass substrate and a 54 nm thick of amorphous
silicon film formed on the base insulating film by plasma
CVD. A solution containing 10 ppm by weight of nickel 1s
then applied, heat treatment 1s performed for one hour at 500°
C., and further heat treatment 1s performed at 550° C. for 4
hours to perform crystallization and form a silicon film with
a crystalline structure. Next, after the surface of the semicon-
ductor film 1s cleaned by hydrofluoric acid, first laser light
(excimer laser light) 1s 1rradiated 1n a atmosphere or 1n an
oxygen atmosphere. The energy density of the first laser light
is set to 476 mlJ/cm® here. After removing an oxide film
tormed during irradiating the first laser light by using hydrot-
luoric acid, second laser light 1s 1rradiated 1n a nitrogen atmo-
sphere under different conditions of energy densities (476,
507, 537 and 567 mJ/cm?). P-V values are measured to per-
form a comparison.

The experimental results are shown 1n FIG. 13.

Seen from FIG. 13, the energy density of the second laser
light 1s made larger than the energy density of the first laser
light, preferably by 30 to 60 mJ/cm” larger. However, a ten-
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dency of deteriorating the properties, that 1s, increasing sur-
face roughness, falling the crystallinity, or occurring micro-
crystallization, can be seen 1f the energy density of the second
laser light 1s greater than the energy density of the first laser
light by an amount equal to or greater than 90 mJ/cm?.

Note that although the second laser light has a higher
energy density than that of the first laser light, there 1s almost
no change in crystallization before and after irradiating the
second laser light. Further, the crystal state, such as grain size,
hardly changes, either. In other words, 1t can be thought that
the second laser light only performs leveling.

The merits due to leveling of the semiconductor film with
the crystalline structure by the second laser light 1rradiation
are extremely great. Specifically, 1 accordance with
increased levelness, 1t becomes possible to make later formed
gate insulating films thinner and the on current value of TFTs
can be increased. Furthermore, 1t can reduce the off current in
the case of manufacturing TFT's to increasing the levelness.

An effect of removing or reducing the inert gas element
within the semiconductor film with the crystalline structure
by irradiating the second laser light even 11 the inert gas
clement 1s also added to the first semiconductor film 1n form-
ing gettering sites.

The leveled first semiconductor film 1045 1s next formed
into a semiconductor layer 107 with a desired shape by using
a known patterning technique (FIG. 2A). It 1s preferable to
form a thin oxide film on the surface by using ozone water
before forming a resist mask.

An msulating film including silicon as its main constituent,
which becomes a gate insulating film 108, 1s then formed next
alter cleaning the surface of the semiconductor {ilm using an
ctchant containing hydrofluoric acid. It is preferable to clean
the surface and form the gate msulating film 1n succession,
without exposing to the atmosphere.

A gate electrode 109 1s formed next after cleaning the
surface of the gate msulating film 108. A suitable amount of
an 1mpurity element (such as P, or As) that imparts n-type
conductivity to semiconductor, phosphorous here, i1s then
added, and a source region 110 and a drain region 111 are
formed. Heat treatment, irradiation of strong light, or 1rradia-
tion of laser light 1s performed for activating the added impu-
rity element next. Furthermore, plasma damage to the gate
insulating film, and plasma damage to the interface between
the gate insulating film and the semiconductor layer can be
recovered at the same time as the activation. In particular, 1t 1s
extremely effective to activate the impurity element by irra-
diating the second harmonic of YAG laser from the front side
or from the back side in an atmosphere at a temperature
between room temperature and 300° C. YAG laser 1s prefer-
able means for the activation since low maintenance 1s nec-
essary.

Subsequent processes are as follows: an interlayer msulat-
ing film 113 1s formed; hydrogenation 1s performed; contact
holes for reaching the source region and the drain region are
formed; and a source electrode 114 and a drain electrode 115
are formed, complete a TFT (n-channel TET) (FIG. 2B).

The concentration of the metallic element contained 1n a
channel forming region 112 of the TFT thus obtained can be
made less than 1x10'’/cm”. Further, the levelness in the semi-
" thus obtamned 1s greatly

conductor surface of the TF1
enhanced by the above process, and therefore the value of the
off current 1s reduced, and dispersion 1n values of the off
current 1s reduced.

The present invention 1s not limited to the TFT structure of
FI1G. 2B. A low concentration drain structure, in which there
1s an LDD (lightly doped drain) region between the channel
forming region and a drain region (or a source region), may




US 7,655,513 B2

17

also be used il necessary. This structure has a region including
a low concentration of an impurity element, formed between
the channel forming region and the source region or the drain
region including a high concentration of the impurity ele-
ment. This region including the low concentration 1s referred
to as an LDD region. In addition, a GOLD structure (gate-
drain overlapped LDD), 1n which an LDD region 1s arranged
so as to overlap with a gate electrode through a gate insulating
film, may also be used.

In addition, although there 1s the explanation here on an
n-channel TFT, a p-channel TFT can, of course, also be
tformed by using a p-type impurity element as a substitute for
the n-type impurity element.

Further, although a top gate TEF'T 1s explained here as an
example, 1t 1s possible to apply the present invention without
regarding the TFT structure. For example, it 1s possible to
apply the present mvention to bottom gate TFTs (reverse
stagger TH'T's) and to forward stagger TFTs.

Although an example of performing gettering by utilizing
a semiconductor film contaiming an inert gas i1s explained
here, the present invention 1s effective without any relation to
the gettering method since ridges 1n which the metallic ele-
ments easily segregate can be reduced 1n accordance with the
present invention. For example, 1t 1s possible to apply the
present invention to a gettering method of forming gettering,
sites by selectively adding phosphorous and then performing
heat treatment, and a similar gettering effect to that of
Embodiment Mode 1 can of course be improved.

Furthermore, there may be a case in which a semiconductor
layer 1s formed into a predetermined shape by patterning, and
then it 1s performed to 1rradiating second laser light in an inert
gas atmosphere or 1 a vacuum to perform leveling after
removing an oxide, without irradiating the second laser light
belfore patterning.

Embodiment Mode 2

An example of performing irradiation of the second laser
light 1n different order from that of Embodiment Mode 1 1s
shown here in FIGS. 3A to 3H.

First, 1rradiation of first laser light 1s performed 1n accor-
dance with Embodiment Mode 1. Note that FIG. 3A corre-
sponds to FIG. 1A, FIG. 3B corresponds to FIG. 1B, FIG. 3C
corresponds to F1G. 1C, and FIG. 3D corresponds to FI1G. 1D.

Further, within FIGS. 3A to 3H, reference numeral 200
denotes a substrate, reference numeral 201 denotes an 1nsu-
lating film that becomes a blocking layer, reference numeral
202 denotes a semiconductor film with an amorphous struc-
ture, reference numeral 203 denotes a nickel containing layer,
reference numeral 204a denotes a semiconductor film with a
crystalline structure, and reference numeral 2035a denotes an
oxide film.

The oxade film 2054a, formed by 1rradiation of the first laser
light, 1s removed next (FIG. 3E).

Laser light (second laser light) 1s then 1rradiated to the first
semiconductor film with the crystalline structure in a nitrogen
atmosphere or 1n a vacuum. The P-V value of the unevenness
formed by 1rradiating the first laser light 1s reduced when the
second laser light 1s 1irradiated. Namely, leveling 1s performed
(FIG. 3F). Specifically, a surface with the P-V value of the
unevenness on the order of 80 to 100 nm, formed by the
irradiating the first laser light, can have its P-V value reduced
to become equal to or less than 40 nm, preferably equal to or
less than 30 nm, by irradiating the second laser light. Excimer
laser light which has a wavelength equal to or less than 400
nm, or the second or third harmonic of YAG laser, 1s used for
the laser light (the second laser light). In addition, light emait-
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ted from an ultraviolet light lamp may also be used as a
substitute for excimer laser light. Note that the energy density
of the second laser light 1s made larger than the energy density
of the first laser light, preferably from 30 to 60 mJ/cm” larger.
However, deterioration 1n the properties, in which crystallin-
ity 1s reduced or micro-crystallization occurs, 1s seen 1f the
energy density of the second laser light 1s greater than the
energy density of the first laser light by an amount equal to or
greater than 90 mJ/cm?.

Note that although the second laser light has a higher
energy density than that of the first laser light, there 1s almost
no change 1n crystallinity before and after irradiating the
second laser light. Further, the crystal state, such as grain size,
also nearly does not change. In other words, 1t can be thought
that the second laser light only performs leveling.

The merits due to leveling of semiconductor film with the
crystalline structure by 1rradiating the second laser light are
extremely large. For example, nmickel easily segregates into
ridges 1n later gettering. The effect due to gettering 1s there-
fore increased 1 gettering 1s performed aifter leveling the
surface 1 advance by 1rradiating the second laser light before
gettering. Alternatively, the effect due to gettering 1s
increased by diffusion of metallic element, typically nickel
clement used to promote crystallization, within the semicon-
ductor film, 1n accordance with the irradiation of the second
laser light.

I1 suflicient gettering 1s not performed to the substrate and
a dispersion 1n gettering develop, then the characteristics of
cach TFT will have a small difference, that 1s, dispersion. If
there 1s a dispersion in the electrical properties of TFTs
arranged 1n a pixel portion of a transmission type liquid
crystal display device, then a dispersion in the voltage applied
to each pixel electrode will develop and a dispersion in the
amount of transmitted light therefore also will develop. In the
result, display irregularities are seen by an observer. The
present invention can resolve these problems.

It becomes possible to make later formed gate insulating,
films thinner and the on current value of a TFT can be
increased 1n accordance with increased levelness. Further-
more, increased levelness can reduce the off current in the
case of manufacturing TFTs.

An oxide film (referred to as a chemical oxide film) 1s
formed next by using an ozone containing solution (typically
ozone water), to form a barrier layer 2055 of an oxide film
with a thickness of 1 to 10 nm. A second semiconductor film
206 containing a rare gas element 1s formed on the barrier
layer 2056 (FI1G. 3G).

Ozone may be generated by irradiating ultraviolet rays
under an oxygen atmosphere to oxidize the surface of the
semiconductor film with the crystalline structure, as an
another method of forming the barrier layer 20556. In addition,
an oxide film as the barrier layer may also be deposited to
have a thickness on the order of 1 to 10 nm with amethod such
as plasma CVD, sputtering, or evaporation, as an another
method of forming the barrier layer 20556. Further, a thin
oxide film may also be formed by heating with a clean oven at
a temperature on the order of 200 to 3350° C., as an another
method of forming the barrier layer 2055. Note that there are
no particular limitations on a method of forming the barrier
layer 2055, provided that 1t 1s formed by one of, or a combi-
nation of, the above stated methods. However, the barrier
layer 2055 needs to have a film quality or a film thickness 1n
order that nickel within the first semiconductor film 1s capable
of moving to the second semiconductor film by later getter-
ng.

The second semiconductor film 206 including a rare gas
clement 1s formed by sputtering here to form gettering sites.
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One element, or a plurality of elements, selected from the
group consisting of helium (He), neon (Ne), argon (Ar), kryp-
ton (Kr), and xenon (Xe) are used as the inert gas element.
Among these elements, it 1s preferable to use argon (Ar) that
1s the low cost gas. A target of silicon 1s used under an
atmosphere containing the rare gas element here to form the
second semiconductor film. There are two meanings associ-
ated with including 1ons of rare gas element that 1s 1nert gas
within the film; one 1s that dangling bonds are formed to
impart distortions to the semiconductor film, and the other 1s
that distortions are imparted within lattices of the semicon-
ductor film. The latter can be obtained remarkably if an ele-
ment with a greater atomic radius than that of silicon, such as
argon (Ar), krypton (Kr), or xenon (Xe) 1s used. By including
the rare gas element within the film, not only are lattice
distortions formed unpaired bonds are also formed, to con-
tribute to gettering action.

Heat treatment 1s performed next to perform gettering for
reducing the concentration of the metallic element (nickel ) 1n,
or removing the metallic element from, the first semiconduc-
tor film (FIG. 3H). A treatment of irradiating strong light or
thermal treatment may be performed as the heat treatment for
the gettering. With the gettering, the metallic element moves
in the direction of the arrow 1n FIG. 3H (that 1s, 1n the direc-
tion from the substrate side toward the surface of the second
semiconductor film), to remove or lower the concentration of,
the metallic element contained 1n the first semiconductor film
204bH covered by the barrier layer 20556. The distance where
the metallic element move during gettering may be a distance
at least on the order of the thickness of the first semiconductor
f1lm, and gettering can be accomplished in a relatively short
amount of time. Here, suflicient gettering 1s performed 1n
order that all of the nickel 1s made to move to the second
semiconductor film 206 without segregating 1n the first semi-
conductor film 2045. That 1s, gettering 1s performed 1n order
that the nickel concentration within the first semiconductor
film becomes equal to or less than 1x10'%/cm?, preferably
equal to or less than 1x10"/cm”.

It 1s also performed to repair damage caused by irradiating,
laser light (the first laser light and the second laser light) at the
same time as gettering.

Next, after the second semiconductor film 206 1s selec-
tively removed with the barner layer 20556 as an etching
stopper, the barrier layer 2035 1s also removed. The first
semiconductor {ilm 2045 1s then patterned using a known
patterning technique to form a semiconductor layer with a
predetermined shape.

Then, a TF'T 1s completed in accordance with the subse-
quent processes that 1s the same as the processes of Embodi-
ment Mode 1.

Further, 1t 1s possible to combine Embodiment Mode 2 with
Embodiment Mode 1, or with other known gettering tech-
niques.

In addition, irradiation of the second laser light may also be
performed 1n an 1nert gas atmosphere or a vacuum to perform
leveling after forming a semiconductor layer with a predeter-
mined shape and then removing an oxide film, without per-
forming the 1rradiation of the second laser light before get-
tering.

There will be an additionally detailed explanation regard-
ing the aforementioned structures of the present invention
with the embodiments shown below.

Embodiment 1

Embodiment 1 of the present invention will be described
with reference to FIGS. 4 to 6. Here a detailed description 1s
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given on a method of simultaneously forming on the same
substrate a TFT for a pixel portion and TFTs (an n-channel
TFT and a p-channel TFT) for driver circuits that are provided
in the periphery of the pixel portion.

First, 1n accordance with the above Embodiment Mode a
base msulating film 301 1s formed on a glass substrate 300, a
first semiconductor film with crystalline structure 1s formed,
and the semiconductor film 1s etched into desired shapes to
form semiconductor layers 302 to 306 that are separated from
one another like 1slands.

The detailed explanation on the process up through forma-
tion of the semiconductor layers 302 to 306, 1s shown
Embodiment Mode. What follows 1s a simplified version
thereof.

The base mnsulating film 301 provided on the glass sub-
strate in Embodiment 1 has a two-layered structure. However,
the base msulating film may be a single layer or three or more
layers of insulating films. The first layer of the base insulating
f1lm 301 1s a first silicon oxynitride film (composition ratio:
S1=32%, O=27%, N=24%, H=17%) formed to have a thick-
ness of 50 nm by plasma CVD with as reaction gas SiH,,
NH;, and N,O. The second layer of the base insulating film
1101 15 a second silicon oxynitride film (composition ratio:
S1=32%, O=539%, N=7%, H=2%) formed to have a thickness
o1 100 nm by plasma CVD with as reaction gas S1H, and N, O.

Next, an amorphous silicon film 1s formed on the base
insulating film 301 by plasma CVD to a thickness of 50. Then
nickel acetate solution containing 10 ppm of nickel by weight
1s applied by a spinner to the semiconductor film. Instead of
application, sputtering may be used to spray nickel element to
the entire surface.

Next, heat treatment 1s performed to crystallize the amor-
phous semiconductor film to obtain the semiconductor film
with crystalline structure. For this heat treatment, thermal
treatment of the electric furnace or 1rradiation of strong light
1s used. In the case of using the thermal treatment of the
clectric Turnace, the heat treatment 1s performed at 500 to
600° C. for 4 to 24 hours. The silicon film with a crystalline
structure 1s obtained by performing the thermal treatment
(550° C., four hours) for crystallization after the thermal
treatment (500° C., one hour) for dehydration. In Embodi-
ment 1, crystallization i1s performed by the thermal treatment
using the furnace. However, crystallization can also be per-
formed by the thermal treatment using the lamp anneal
device.

Next, the semiconductor film 1s irradiated with the first
laser light (XeCl: wavelength, 308 nm) 1n an atmosphere or an
oxygen atmosphere to increase the crystallization ratio and
repair defects remaining in the crystal grains. The laser light
used 1s excimer laser light with a wavelength of 400 nm or
less, or second harmonic or third harmonic of YAG laser. In
either case, pulse laser light with a repetition frequency of
about 10 to 1000 Hz 1s collected by an optical system 1nto a
beam of 100 to 500 mJ/cm?, which irradiates the surface of
the silicon film by scanning at an overlap ratio of 90 to 95%.
Here, the first laser light 1s 1rradiated under conditions of a
repetition frequency of 30 Hz and energy density 476
mJ/cm”. The irradiation of the first laser light at this point is
very important 1n order to remove or reduce arare gas element
(Ar, here) 1n the film. The oxide film formed by 1rradiating the
first laser light and an oxide film formed by treating the
surface with ozone water for 120 seconds together form a
barrier layer that has a thickness of 1 to 5 nm 1n total.

On the barrier layer, an amorphous silicon film containing,
argon element as a gettering site 1s formed to have a thickness
of 150 nm by sputtering. The conditions for forming the
amorphous silicon film by sputtering in Embodiment 1
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include setting the film formation pressure to 0.3 Pa, the gas
(Ar) tlow rate to 50 sccm, the film formation power to 3 kW,
and the substrate temperature to 150° C. The amorphous
s1licon film formed under the above conditions contains argon
element at an atomic concentration of 3x10°° to 6x10°°/cm”,
and contains oxygen in an atomic concentration of 1x10" to
3x10"”/cm’. Thereafter, a lamp annealing apparatus is used
for thermal treatment at 650° C. for 3 minutes to perform
gettering.

With the barrier layer as an etching stopper, the amorphous
silicon film containing argon element, which 1s a gettering
site, 15 selectively removed. The barrier layer 1s then selec-
tively removed using diluted fluoric acid. It 1s desirable to
remove the barrier layer that of oxide films after gettering
since nickel tends to move 1nto a region containing oxygen at
a high concentration during gettering.

The second laser light 1s 1rradiated in a nitrogen atmo-
sphere or vacuum atmosphere to smooth the surface of the
semiconductor film. Excimer laser light with a wavelength
equal to or less than 400 nm, or the second or the third
harmonic of a YAG laser, 1s used for the laser light (the second
laser light). In addition, light emitted from an ultraviolet light
lamp may also be used as a substitute for the excimer laser
light. Note that the energy density of the second laser light 1s
made larger than the energy density of the first laser light,
preferably from 30 to 60 mJ/cm” larger. Here, the second laser
light 1s wrradiated 1n an atmosphere with a repetition fre-
quency of 30 Hz and energy density of 537 mJ/cm”. The P-V
value of the unevenness on the surface of the semiconductor
film become equal to or less than 21 nm.

Although the second laser light 1s irradiated to the whole
surface in Embodiment 1, at least a pixel portion may also be
irradiated selectively since the reduction of off current is
elfective especially to TF'Ts of the pixel portion.

Next, a thin oxide film 1s formed by using ozone water on
the surface of the obtained silicon film with a crystalline
structure (also called a polysilicon film), and a resist mask 1s
formed for etching to obtain the semiconductor layers with
desired shapes, separated from one another like 1slands. After
the semiconductor layers are obtained, the resist mask 1s
removed.

In addition, in order to control the threshold (Vth) voltage
of TFTs, the impurity element that gives the p-type or n-type
conductivity may be doped to the semiconductor layers after
forming the semiconductor layers. Impurity elements known
to give semiconductor the p-type conductivity are Group 13
clements 1n the periodic table, such as boron (B), aluminum
(Al), and gallium (Ga). Impurity elements known to give a
semiconductor the n-type conductivity are Group 15 ele-
ments 1 the periodic table, such as phosphorus (P) and
arsenic (As).

An etchant containing fluoric acid 1s used to remove the
oxide film and wash the surface of the silicon film at the same
time. Then, an insulating film mainly containing silicon as a
gate mnsulating film 307 1s formed. The gate msulating film 1n
Embodiment 1 1s a silicon oxynitride film (composition ratio:
S1=32%, O=59%, N=7%, H=2%) formed by plasma CVD to
have a thickness of 115 nm.

As shown 1n FIG. 4A, a first conductive film 308a with a
thickness of 20 to 100 nm, a second conductive film 3085 with
a thickness of 100 to 400 nm, and a third conductive film 308¢
with a thickness of 20 to 100 nm are layered on the gate
insulating film 307. In Embodiment 1, a 50 nm thick tungsten
f1lm, a 500 nm thick Al—Ti (alloy of alummum and titanium)
f1lm, and a 30 nm thick titanium film are layered on the gate
insulating film 307 1n the order stated.
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Conductive materials for forming the first to third conduc-
tive films are elements selected from the group consisting of
Ta, W, T1, Mo, Al, and Cu, or alloy or compound materials
mainly containing the above element. Alternatively, as the
first to third conductive films, a polycrystalline silicon film
represented by a semiconductor film doped with an impurity
clement such as phosphorus. For instance, the first conductive
film may be a tungsten nitride film instead of the tungsten
film, the second conductive film may be a Al-—=S1 (alloy of
aluminum and silicon) film instead of the Al—Ti (alloy of
aluminum and titanium) film, and the third conductive film
may be a titantum nitride film instead of the titanium film. It
1s not always necessary to have three layers of conductive
films, and two layers of conductive films, a tantalum nitride
film and a tungsten film, for example, may be employed.

As shown 1n FIG. 4B, resist masks 310 to 315 are formed
with light exposure to conduct the first etching treatment for
forming gate electrodes and wiring lines. The first etching
treatment 1s conducted under first and second etching condi-
tions. ICP (inductively coupled plasma) etching 1s employed.
The films can be etched into desired taper shapes by using ICP
etching and adjusting etching conditions (the amount of elec-
tric power applied to a coiled electrode, the amount of electric
power applied to a substrate side electrode, the temperature of
the substrate side electrode, etc.) suitably. Examples of etch-
ing gas used include chlorine-based gas, typically, Cl,, BCl;,
S1Cl,, or CCl,, tluorine-based gas, typically, CF,, SF, or
NF,, and O,

There 1s no limitation on selection of the etching gas, BCl,,
Cl,, and O, are suitable here. The gas flow rate thereof 1s set
t0 65:10:5 (unit:sccm), and RF (13.56 MHz) electric power of
450 W 1s given to a coiled electrode at a pressure of 1.2 Pa to
generate plasma for 117 second etching. The substrate side
(sample stage) also receives RF (13.56 MHz) power o1 300 W
to apply substantially negative seli-bias voltage. Under the
first etching conditions, the Al film and the Ti film are etched
and edge portions of the first conductive layer are tapered.

Switched to the second etching conditions, the etching gas
1s changed to CF ,, Cl,, and O,. The gas flow rate thereot 1s set
to 25:25:10 (unit: sccm), and RF (13.56 MHz) power of 500
W 1s given to a coiled electrode at a pressure of 1 Pa to
generate plasma for etching for about 30 seconds. The sub-
strate side (sample stage) also recerves RF (13.56 MHz)
power of 20 W to apply substantially negative seli-bias volt-
age. Under the second etching conditions with mixing CF
and Cl,, the Al film, the T1 film, and the W {ilm are etched to
about the same degree. In order to perform etching without
leaving any residue on the gate msulating film, the etching
time 1s prolonged by approximately 10 to 20%.

In the first etching treatment, the edge portions of the first
conductive layers, second conductive layers, and third con-
ductive layers are tapered by forming the resist masks into
proper shapes and by the effect of the bias voltage applied to
the substrate. The angle of the tapered portions 1s 15 to 45°.
First shape conductive layers 317 to 322 are thus formed from
the first conductive layers, the second conductive layers, and
the third conductive layers (the first conductive layers 317a to
3224, the second conductive layers 3175 to 32256 and the third
conductlve layers 317¢ to 322c¢) through the first etching
treatment. Denoted by 316 1s a gate insulating film and
regions thereof that are not covered with the first shape con-
ductive layers 317 to 322 are etched and thinned by about 20
to 50 nm.

Without removing the resist masks 310 to 315, second
ctching treatment 1s conducted next as shown 1n FIG. 4C.
BCl, and Cl, are used as etching gas, the gas tflow rate thereof
1s set to 20:60 (unit:sccm), and RF (13.56 MHz) power of 600
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W 1s given to a coiled electrode at a pressure of 1.2 Pa to
generate plasma for etching. The substrate side (sample

stage) also recerves RF (13.56 MHz) power of 100 W. Under

these third etching conditions, the second conductive layers
and the third conductive layers are etched. The aluminum film
containing a minute amount of titanium and the titanium film
are thus subjected to anisotropic etching under the third etch-
ing conditions to form second shape conductive layers 324 to
329 (the first conductive layers 324a to 329q, the second
conductive layers 3245 to 3296 and the third conductive
layers 324¢ to 329¢). Denoted by 323 1s a gate insulating film
and regions thereof that are not covered with the second shape
conductive layers 324 to 329 are etched and thinned slightly.
The tapered portions of the first conductive layers have the
same length 1n FIGS. 4B and 4C. However, the actual length
varies among the tapered portions of the first conductive
layers, depending on the wiring line width.

Without removing the resist masks, the first doping treat-
ment 1s conducted to dope an impurity element that gives the
n-type conductivity to the semiconductor layers. The doping,
treatment 1s performed with 10n doping or 10n 1implantation.
In ion doping, the dose is set to 1.5x10'* atoms/cm” and the
acceleration voltage 1s set to 60 to 100 keV. Typically, phos-
phorus (P) or arsenic (As) 1s used as an impurity element that
gives the n-type conductivity. In this case, the second shape
conductive layers 324 to 328 serve as masks against the
impurity element that gives the n-type conductivity and first
impurity regions 330 to 334 are formed 1n a self-aligning
manner. The first impurity regions 330 to 334 contain the
impurity element that gives the n-type conductivity at a con-
centration of 1x10"° to 1x10"/cm”.

Although the first doping treatment 1s conducted without
removing the resist masks in Embodiment 1, the resist mask
may be removed before the first doping treatment.

After the resist masks are removed, resist masks 335 and
336 are formed as shown in FIG. SA for second doping
treatment. The mask 335 functions for protecting a channel
formation region and its surrounding regions in the semicon-
ductor layer that forms one of p-channel TFT's of the driver
circuit, and the mask 336 functions for protecting a channel
formation region and its surrounding regions in the semicon-
ductor layer that forms a TF'T of the pixel portion. In FIG. 5A,
the tapered portions of the first conductive layers have the
same length for conveniences’ sake. However, the actual
length varies among the tapered portions of the first conduc-
tive layers, depending on the wiring line width. Accordingly,
when a plurality of wiring lines which have difierent wiring,
line widths are formed on the same substrate, doped regions
also have different widths.

The second doping treatment employs 1on doping to dope
the semiconductor layers with phosphorus (P) with the dose
to 1.5x10" atoms/cm” and the acceleration voltage to 60 to
100 keV. Here, impurity regions are formed 1n the semicon-
ductor layers utilizing the difference in thickness of the sec-
ond shape conductive layers 324 to 328 and the gate insulat-
ing f1lm 323. The regions covered with the masks 335 and 336
are not doped with phosphorus (P). Second impurity regions
380 to 382 and third impurity regions 337 to 341 are thus
tformed. The third impurity regions 337 to 341 are doped with
an 1mpurity element that gives the n-type conductivity at a
concentration of 1x10°° to 1x10*"/cm”. The second impurity
regions are doped with the impurity element that gives the
n-type conductivity at a lower concentration than in the third
impurity regions due to the difference 1n thickness of the gate
insulating film. The concentration of the impurity element 1n
the second impurity regions is 1x10"® to 1x10""/cm”.
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After the resist masks 335 and 336 are removed, resist
masks 342 to 344 are newly formed as shown 1n FIG. 5B for
the third doping treatment. Through the third doping treat-
ment, a fourth impurity region 347 and fifth impurity regions
345 and 346 are formed 1n the semiconductor layer for form-
ing the p-channel TFT. The fourth and fifth impurnty regions
are doped with an impurnity element that gives the p-type
conductivity. The fourth impurity region 1s formed in a region
that overlaps one of the second shape conductive layers and 1s
doped with an impurity element that gives the p-type conduc-
tivity at a concentration of 1x10"® to 1x10°°/cm’. The fifth
impurity regions 3435 and 346 are doped with an impurity
clement that gives the p-type conductivity at a concentration
of 1x10°° to 1x10*'/cm”. The fifth impurity region 346 is
doped with phosphorus (P) in the previous step. However,
through the third doping treatment, the region 346 1s doped
with an impurity element that gives the p-type conductivity at
1.5 to 3 times higher concentration than the concentration of
phosphorus, and therefore has the p-type conductivity.

Fifth impurity regions 348 and 349 and a fourth impurity
region 350 are formed 1n the semiconductor layer for forming
a storage capacitor 1n the pixel portion.

Through the above steps, the impurity regions with the
n-type or p-type conductivity are formed 1n the respective
semiconductor layers. The second shape conductive layers
324 to 327 serve as gate electrodes. The second shape con-
ductive layer 328 serves as one of electrodes constituting the
storage capacitor in the pixel portion. The second shape con-
ductive layer 329 forms a source wiring line in the pixel
portion.

The order of etching and doping steps 1s not particularly
limited to the order given above and may be changed as long
as the conductive layers 324 to 327 and the impurnty regions
(the first to fifth impurity regions) are obtained.

Next, an insulating film (not shown in the drawing) is
formed to cover the surface almost completely. The imnsulating
film 1 Embodiment 1 1s a silicon oxide film formed by
plasma CVD to have a thickness of 50 nm. The msulating film
1s not limited to the silicon oxide film, and a single layer or a
laminate layer of other insulating films that contains silicon
may be used instead.

The next step 1s activation of the impurity elements doped
in the semiconductor layers. The activation step 1s achieved
by rapid thermal annealing (RTA) using a lamp light source,
irradiation from the back side with YAG laser or excimer
laser, or heat treatment using a furnace, or a combination of
these methods. Since a material mainly containing aluminum,
1s used for the second conductive layers in Embodiment 1,
heating conditions 1n the activation step has to be set with
taking into consideration the heat resistance of the second
conductive layers.

During the activation treatment, the gettering, nickel used
as a catalyst 1n crystallization 1s simultaneously moved to the
third impurity regions 337, 339, and 340 and the fifth impurity
regions 346 and 349 that contain high concentration of phos-
phorus. The concentration of nickel 1s reduced in the semi-
conductor layers for mainly forming channel formation
regions. The TFTs which have the channel formation regions
with the reduced nickel concentration have a lower OFF
current value and provide high field effect mobility with a
good crystallinity, and therefore excellent characteristics are
achieved. In Embodiment 1, gettering has already been con-
ducted once 1 accordance with the method shown 1in
Embodiment Mode 1 1 forming the semiconductor layers,
gettering with phosphorus at this time 1s the second gettering.
I the first gettering 1s performed suificiently, the second time
gettering 1s not particularly necessary.
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Although the insulating film 1s formed before the activation
in Embodiment 1, the insulating film may be formed after the
activation.

Next, a silicon nitride film 1s formed as a first interlayer
insulating film 351 and heat treatment (at 300 to 330° C. for
1 to 12 hours) 1s performed on the first interlayer msulating
f1lm to hydrogenate the semiconductor layers. (FIG. SC) This
step 1s performed for terminating dangling bonds 1n the semi-
conductor layers using hydrogen contained 1n the first inter-
layer insulating film 351. Irrespective of the presence or
absence of the insulating film that 1s a silicon oxide film (not
shown), the semiconductor layers can be hydrogenated. How-
ever, heating conditions 1n the hydrogenation step has to be
set with taking into consideration the heat resistance of the
second conductive layers since a material mainly containing
aluminum 1s used for the second conductive layers in
Embodiment 1. Other employable hydrogenation measures
include plasma hydrogenation (which uses hydrogen excited
by plasma).

On the first interlayer 1nsulating film 351, a second inter-
layer insulating film 352 1s formed from an organic insulating
material. In Embodiment 2, an acrylic resin film with a thick-
ness of 1.6 um 1s used. A contact hole reaching the source
wiring line 327 and contact holes reaching respective impu-
rity regions are formed next. In Embodiment 1, a plurality of
etching processes are sequentially conducted. The contact
holes are formed by etching the second interlayer imnsulating,
film with the first interlayer insulating film as an etching
stopper, then etching the first interlayer insulating film with
the insulating film (not shown) as an etching stopper, and then
ctching the msulating film (not shown).

Thereafter, wiring lines and a pixel electrode are formed
using Al, T1, Mo, W, or the like. It1s desirable materials for the
clectrodes and pixel electrode are highly retlective materials
such as a film mainly contaiming Al or Ag, or a laminate of a
f1lm mainly containing Al and a film mainly containing Ag.
Thus formed are source or drain wiring lines 333 to 358, a
gate wiring line 360, a connection wiring line 359, and a pixel
clectrode 361.

A driver circuit 406 that has an n-channel TFT 401, a
p-channel TFT 402, and an n-channel TFT 403, and a pixel
portion 407 that has an n-channel TFT 404 and a storage
capacitor 405 are formed on the same substrate by the method
described above. (FIG. 6) Such a substrate 1s called 1n this
specification as an active matrix substrate for convemences’
sake.

Further, TEM observation photograph of a sectional view
of the gate electrode neighborhood at this stage 1s shown 1n
FI1G. 22. As shown 1n FIG. 22, the surface of the semiconduc-
tor film (including the surface of LDD region) 1s smooth by
the second laser light. The influence of unevenness at the
surface of LDD region 1s hardly seen for the taper portion of
the gate electrode and the gate mnsulating film on the LDD
region since LDD region become smooth. As a comparable
example, TEM observation photograph of a sectional view of
the gate electrode neighborhood without performing leveling
treatment 1s shown 1n FIG. 23.

The n-channel TFT 401 (first n-channel TFT) of the driver
circuit 406 has a channel formation region 362, a second
impurity region 363 partially overlapping the second shape
conductive layer 324 that serves as a gate electrode, and a
third impurity region 364 that functions as a source region or
a drain region. The p-channel TF'T 402 has a channel forma-
tion region 365, a fourth impurity region 366 partially over-
lapping the second shape conductive layer 325 that serves as
a gate electrode, and a fifth impurity region 367 that functions
as a source region or a drain region. The n-channel TFT 403
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(second n-channel TFT) has a channel formation region 368,
a second impurity region 369 partially overlapping the second
shape conductive layer 326 that serves as a gate electrode, and
a third impurity region 370 that functions as a source region or
a drain region. The n-channel TFTs and the p-channel TFT

can be used to form a shiit register circuit, a builer circuit, a
level shifter circuit, a latch circuit, and the like. The structure
of the n-channel TF'T 401 or 403 1s suitable especially for a
butifer circuit that needs high driving voltage for preventing
degradation by hot carrier effect.

The pixel TFT 404 (first n-channel TF'T) of the pixel por-
tion 407 has a channel formation region 371, a first impurity
region 372 formed outside of the second shape conductive
layer 328 that serves as a gate electrode, and a third impurity
region 373 that functions as a source region or a drain region.
A fourth impurity region 376 and a fifth impurity region 377
are formed 1n the semiconductor layer that functions as one of
the electrodes of the storage capacitor 405. The storage
capacitor 405 1s composed of the second shape electrode 329
and the semiconductor layer 306 with an insulating film (the
same f1lm as the gate msulating film) as dielectric.

In the pixel TFT of the pixel portion 407, OFF current and
dispersion are decreased remarkably by irradiating of the
second laser light in comparison with the conventional one.

I1 the pixel electrode 1s formed of a transparent conductive
f1lm with one more photo mask, a transmissive display device
1s obtained.

Embodiment 2

The gate electrodes have a three-layered structure 1n the
example shown in Embodiment 1. In Embodiment 2, gate
clectrodes have a two-layered structure. Embodiment 2 is
identical with Embodiment 1 except the gate electrodes.
Accordingly, only the difference 1s described.

In Embodiment 2, a TaN film with a thickness of 30 nm 1s
formed as a first conductive film and a W film with a thickness
of 370 nm 1s layered thereon as a second conductive film. The
TaN film 1s formed by sputtering with a Ta target 1n an atmo-
sphere containing nitrogen, and the W films are formed by
sputtering with a W target. An alloy film of W and Mo can be
substituted for W {ilm.

As in Embodiment 1, Embodiment 2 employs ICP etching
to etch the films 1nto desired taper shapes by adjusting etching
conditions (the amount of electric power applied to a coiled
clectrode, the amount of electric power applied to a electrode
ol a substrate side, the temperature of the electrode the sub-
strate side, etc.) suitably. The examples of etching gas used
include chlorine-based gas represented by Cl,, BCl,, S1Cl,,
or CCl,, fluorine-based gas, CF,, SF,, or NF;, and O,

Similar to Embodiment 1, the first etching treatment in
Embodiment 2 uses {irst and second etching conditions. The
first etching conditions include using as etching gas CF ,, Cl,,
and O,, setting the gas tlow rate thereof to 25:25:10 (unat:
sccm), and giving an RF (13.56 MHz) power of 500 W to a
colled electrode at a pressure of 1 Pa to generate plasma. The
substrate side (sample stage) also receives an RF (13.56
MHz) power of 150 W to apply substantially negative seli-
bias voltage. Under the first etching conditions, the etching
rate to the W film 1s 200.39 um/muin. and the etching rate to the
TaN film 1s 80.32 nm/min. The selective ratio of W to TaNN 1s
therefore about 2.5. The W {ilm 1s tapered under the first
ctching conditions at an angle of about 26°.

Thereatter the first etching conditions are switched to the
second etching conditions without removing the resist masks.
The etching gas 1s changed to CF, and Cl,, the gas flow rate
thereotf 1s set to 30:30 (unit: sccm), and an RF (13.56 MHz)
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power of 500 W 1s given to a coiled electrode at a pressure of
1 Pa to generate plasma, to perform etching for about 30
seconds. The substrate side (sample stage) also receives an
RF (13.56 MHz) power of 20 W to apply substantially nega-
tive self-bias voltage. Under the second etching conditions
including the use of a mixture of CF, and Cl,, the TaN film
and the W film are etched to about the same degree. The
ctching rate to the W film 1s 58.97 nm/min. and the etching
rate to the TaN film 1s 66 .43 nm/min. under the second etching,
conditions.

In the first etching treatment, first conductive layers and
second conductive layers are tapered around the edges by
forming the resist masks into proper shapes and by the etfect
of the bias voltage applied to the substrate side. The angle of
the tapered portions may be 15 to 45°.

The second etching treatment 1s conducted as in Embodi-
ment 1. Here, the etching gas 1s SF ., Cl,, and O,, the gas flow
rate thereof 1s set to 24:12:24 (unit:sccm), and an RF (13.56
MHz) power of 700 W 1s given to a coiled electrode at a
pressure of 1.3 Pa to generate plasma, in order to perform
ctching for 25 seconds. The substrate side (sample stage) also
receives an RF (13.56 MHz) power of 10 W to apply substan-
tially negative seli-bias voltage. In the second etching treat-
ment, the etching rate to the W film 1s 227.3 nm/min. and the
ctching rate to the TaN film 1s 32.1 nm/min. The selective ratio
of W to TaN 1s therefore 7.1. The etching rate to the silicon
oxynitride film (S10ON) that serves as the gate isulating film
1s 33.7 nm/min. The selective ratio of W to TaN 1s 6.83. The
W film 1s tapered 1n the second etching treatment at an angle
of 70°.

Compared to Embodiment 1, the electric resistance of the
gate electrodes 1n Embodiment 2 are higher because of being
formed from a laminate of a W film and a TaN film. However,
the gate electrodes 1n Embodiment 2 have higher heat resis-
tance, and have advantageously no influence by activation or
hydrogenation conditions.

Embodiment 3

Embodiment 3 describes a process of manufacturing an
active matrix liqud crystal display device from the active
matrix substrate fabricated in Embodiment 1. The description
1s given with reference to FIG. 7.

After the active matrix substrate as illustrated 1n FIG. 6 1s
obtained in accordance with Embodiment 1, an orientation
film 1s formed on the active matrix substrate of FIG. 6 and
subjected to rubbing treatment. In this embodiment, before
the orientation film 1s formed, an organic resin film such as an
acrylic resin film 1s patterned to form columnar spacers for
keeping an interval between substrates 1n desired positions.
The columnar spacers may be replaced by spherical spacers
sprayed onto the entire surface of the substrate.

An opposite substrate 1s prepared next. The opposite sub-
strate has a color filter 1n which colored layers and light-
shielding layers are arranged with respect to the pixels. A
light-shielding layer 1s also placed 1n the driver circuit por-
tion. A leveling film 1s formed to cover the color filter and the
light-shielding layer. On the leveling film, an opposite elec-
trode of a transparent conductive film 1s formed 1n the pixel
portion. An orientation film 1s formed over the entire surface
of the opposite substrate and 1s subjected to rubbing treat-
ment.

Then the opposite substrate 1s bonded to the active matrix
substrate on which the pixel portion and the driver circuits are
formed, with a sealing member (not shown). The sealing
member has a filler mixed therein, and the two substrates are
bonded with an uniform interval by the filler together with the
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columnar spacers. Thereafter a liquid crystal matenal 1s
injected between the substrates and an encapsulant (not
shown) 1s used to completely seal the substrates. A known
liquid crystal material can be used. The active matrix liquid
crystal display device 1s thus completed. If necessary, the
active matrix substrate or the opposite substrate 1s cut into
pieces with desired shapes. The display device may be appro-
priately provided with a polarizing plate using a known tech-
nique. Then FPCs are attached using a known technique.

The structure of the thus obtained liquid crystal module 1s
described with reference to the top view 1n FIG. 7.

A pixel portion 504 1s placed 1n the center of an active
matrix substrate 501. A source signal line driver circuit 502
for driving source signal lines 1s positioned above the pixel
portion 504. Gate signal line driver circuits 503 for driving
gate signal lines are placed 1n the left and right of the pixel
portion 504. Although the gate signal line driver circuits 503
are symmetrical with respect to the pixel portion in Embodi-
ment 3, the liquid crystal module may have only one gate
signal line driver circuit on one side of the pixel portion. A
designer can choose the arrangement that suits better consid-
ering the substrate size or the like of the liquid crystal module.
However, the symmetrical arrangement of the gate signal line
driver circuits shown 1n FIG. 7 1s preferred 1n terms such as
operation reliability and driving efficiency of the circuit.

Signals are inputted to the driver circuits from flexible
printed circuits (FPC) 505. The FPCs 305 are press-fit
through an anisotropic conductive film or the like after open-
ing contact holes 1n the interlayer msulating film and resin
f1lm and forming a connection electrode 602 so as to reach the
wiring lines arranged 1n given places of the substrate 501. The
connection electrode 1s formed of ITO 1n this embodiment.

A sealing agent 507 1s applied along a perimeter of the
substrate 1n the periphery of the driver circuits and the pixel
portion. Then, an opposite substrate 306 1s bonded to the
substrate 501 while a spacer formed 1n advance on the active
matrix substrate keeps the gap between the two substrates
constant A liquid crystal element 1s injected through a portion
that 1s not coated with the sealing agent 507. The substrates
are then sealed by an encapsulant 508. The liquid crystal
module 1s completed through the above steps.

Although all of the driver circuits are formed on the sub-
strate here, several ICs may be used for some of the driver
circuits.

Embodiment 4

Embodiment 1 shows an example of reflective display
device 1 which a pixel electrode 1s formed of a reflective
metal material. Shown 1 Embodiment 4 1s an example of
transmissive display device in which a pixel electrode 1s
formed of a light-transmitting conductive film.

The manufacturing process up to forming an interlayer
insulating film 1s identical with the process of Embodiment 1,
and the description thereof 1s omitted here. After the inter-
layer mnsulating film 1s formed 1n accordance with Embodi-
ment 1, a pixel electrode 601 1s formed of a light-transmaitting
conductive film. Examples of the light-transmitting conduc-
tive film nclude an ITO (indium tin oxide alloy) film, an
indium oxide-zinc oxide alloy (In,O;—7n0O) film, a zinc
oxide (ZnO) film, and the like.

Thereatter, contact holes are formed 1n an interlayer insu-
lating film 600. A connection electrode 602 overlapping the
pixel electrode 1s formed next. The connection electrode 602
1s connected to a drain region through the contact hole. At the
same time, source electrodes or drain electrodes of other

TFTs are formed.
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Although all of the driver circuits are formed on the sub-
strate here, several ICs may be used for some of the driver
circuits.

An active matrix substrate 1s thus completed. A liquid
crystal module 1s manufactured from this active matrix sub-
strate 1n accordance with Embodiment 3. The liquid crystal
module 1s provided with a backlight 604 and a light guiding,
plate 605, and 1s covered with a cover 606 to complete an
active matrix liquid crystal display device a partial sectional
view ol the an active matrix liquid crystal display device 1s
shown 1n FIG. 8. The cover 1s bonded to the liquid crystal
module using an adhesive or an organic resin. In bonding the
substrate to the opposite substrate, the substrates may be
surrounded by a frame 1n order that the space between the
frame and the substrates 1s filled with an organic resin for
bonding. Since the display device 1s of transmissive type,
cach of the active matrix substrate and the opposite substrate
needs to have a polarizing plate 603 bonded.

Embodiment 5

In Embodiment 5, an example of forming the light-emit-
ting display device equipped with EL (electro luminescence)
clement 1s shown in FIG. 9. The OLED includes a layer
(heremaftter, referred to as organic light emitting layer) con-
taining an organic compound (organic light emitting mate-
rial) in which luminescence generated by application of an
clectric field (electro-luminescence) 1s obtained, an anode
and a cathode. For the light-emitting device using the OLED,
a 'TFT 1s an indispensable element for the active matrix driv-
ing. In the light-emitting device using the OLED, the TFT
which functions as a switching element, and the TEFT for
supplying current to the OLED, are at least provided each
pixel. For example, 1n the case of overall white display, dis-
persion 1s exists in the brightness when ON current flows
inconstantly. The reason for the above 1s that ON current (Ion)
of the TFT, which 1s electrically connected to the OLED and
supplies current to OLED, determines the brightness of the
pixel, which does not depend on the pixel structure and the
driving method. These problems can be solved by the present
invention.

FIG. 9A 15 a top view of an EL module and FIG. 9B 15 a
sectional view taken along the line A-A' of FIG. 9A. A pixel
portion 902, a source side driver circuit 901, and a gate side
driver circuit 903 are formed on a substrate 900 (for example,
a glass substrate, a crystallized glass substrate, or a plastic
substrate) having an insulating surface. The pixel portion and
the driver circuits are obtained in accordance with the above
Embodiments. Denoted by 918 and 919 are a sealing member
and a DLC {ilm that serves as a protective film, respectively,
and the pixel portion and the driver circuits are covered with
the sealing member 918 which 1s covered with the protective
{1lm 919. Further, the module 1s sealed by a cover member 920
using an adhesive. Desirably, the same material 1s used for the
cover member 920 and the substrate 900 1n order to avoid
deformation by heat or external force. For example, a glass
substrate 1s used for the cover member and processed by sand
blasting or the like to have a concave shape (3 to 10 um in
depth) shown 1n FIG. 9. It 1s desirable to further process the
cover member to form a concave portion (50 to 200 um 1n
depth) for housing a drying agent 921. If the ELL module 1s
manufactured with being multifaceted, a CO, laser or the like
1s used for cutting to make ends even aiter bonding the cover
member to the substrate.

There 1s a wiring line 908 for transmitting input signals to
the source side driver circuit 901 and the gate side driver
circuit 903. The wiring line 908 recerves video signals and
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clock signals from an FPC (tlexible printed circuit) 909 that
serves as an external input terminal. Although the FPC alone
1s shown here, a printed wiring board (PWB) may be attached
to the FPC. The term light-emitting device 1n this specifica-
tion refers to not only a light-emitting device itself but also a
state equipped with an FPC or a PWB.

The sectional structure of the light emitting display device
1s described next with reference to FIG. 9B. An mnsulating film
910 1s formed on the substrate 900. On the insulating film 910,
the pixel portion 902 and the gate side driver circuits 903 are
tformed. The pixel portion 902 i1s composed of a plurality of
pixels each including a current controlling TFT 911 and a
pixel electrode 912 electrically connected to a drain of the
current controlling TFT 911. The gate side driver circuit 903

1s formed from a CMOS circuit that has a combination of an
n-channel TFT 913 and a p-channel TFT 914.

These TFTs (including 911, 913, and 914) can be manu-
factured in accordance with the above Embodiments. In the
semiconductor device which has the OLED, dispersion of on
current (Ion) of the TFT (the TFT for supplying current to the
driver circuit or the OLED provided in the pixel), arranged 1n
order that constant current flows to the pixel electrode, can be
lowered, and dispersion of the brightness can also be lowered.

The pixel electrode 912 functions as an anode of a light-
emitting element (EL element). Banks 915 are formed on
both sides of the pixel electrode 912. An EL layer 916 1s
formed on the pixel electrode 912 and a cathode 917 of the
light-emitting element 1s formed thereon.

The EL layer 916, for light emission and for moving car-
riers to emit light, may have freely a combination of electric
charge transporting layers or electric charge 1njection layers
with a light-emitting layer. It 1s possible, for example, to use
a low molecular weight organic ELL material, or a high
molecular weight organic EL material for the EL layer 916.
The EL layer may has a thin film of a light emitting material
(singlet compound) that emaits light (fluorescence) by singlet
excitation or a thin film of a light emitting material (triplet
compound) that emits light (phosphorescence) by triplet exci-
tation. The electric charge transporting layers and electric
charge mjection layers may be formed of inorganic materials
such as silicon carbide. Known organic materials and 1nor-
ganic materials can be used.

The cathode 917 also functions as a common wiring line to
all the pixels, and 1s electrically connected to the FPC 909
through the connection wiring line 908. The elements
included 1n the pixel portion 902 and 1n the gate side driver
circuit 903 are all covered with the cathode 917, the sealing
member 918, and the protective film 919.

A material which 1s transparent or translucent to visible
light 1s preferably used for the sealing member 918, which 1s
also preferred to allow as little moisture and oxygen as pos-
sible to transmit.

After the light emitting element 1s completely covered with
the sealing member 918, the protective ilm 919 of a DLC film
1s at least formed on the surface (exposed surface) of the
sealing member 918 as shown in FIG. 9B. In addition, the
protective film may be formed on the entire surface including
a back side of the substrate. At this point, attention must be
paid so as not to form the protective film in the area where the
external input terminal (FPC) 1s to be provided. A mask may
be employed to form the protective film on the surface except
for the area for the external input terminal. Alternatively, a
tape, which 1s used in a CVD apparatus as a masking tape may
be used to cover the external iput terminal area and avoid
forming the protective {ilm on the area.

With the above structure, the light-emitting element 1s
sealed by the sealing member 918 and the protective film to
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completely shut the light-emitting element off from the out-
side, and moisture, oxygen, and other external substances,
that accelerate degradation of the EL layer due to an oxida-
tion, are thus prevented from entering. Therefore a highly
reliable light-emitting device can be obtained.

The cathode may serve as the pixel electrode and the EL
layer and the anode may be layered on the cathode, and 1n the
case, the light-emitting device emits light 1n the reverse direc-
tion to the direction shown in FIG. 9B. FIG. 10 shows an
example of this light-emitting device. A top view thereof 1s
identical with FIG. 9A and therefore 1s omitted.

The sectional structure shown m FIG. 10 1s described
below. A substrate 1000 may be a glass substrate or a quartz
substrate, and semiconductor substrate or a metal substrate
may also be used. An insulating film 1010 1s formed on the
substrate 1000, and a pixel portion 1002 and a gate side driver
circuit 1003 are formed on the msulating {ilm 1010. The pixel
portion 1002 1s composed of a plurality of pixels each includ-
ing a current controlling TFT 1011 and a pixel electrode 1012
clectrically connected to a drain of the current controlling
TFT 1011. The gate side driver circuit 1003 1s formed from a
CMOS circuit that has a combination of an n-channel TFT
1013 and a p-channel TF'T 1014.

The pixel electrode 1012 functions as a cathode of the
light-emitting element. Banks 1015 are formed on both sides
of the pixel electrode 1012. An EL layer 1016 1s formed on the
pixel electrode 1012 and an anode 1017 of the light-emitting,
clement 1s formed thereon.

The anode 1017 also functions as a common wiring line to
all the pixels, and 1s electrically connected to an FPC 1009
through a connection wiring lime 1008. The elements
included in the pixel portion 1002 and 1n the gate side driver
circuit 1003 are all covered with the anode 1017, a sealing
member 1018, and a protective film 1019 that 1s formed of
DLC or the like. A cover member 1020 1s bonded to the
substrate 1000 with an adhesive. The cover member has a
concave portion for housing a drying agent 1021.

A material which 1s transparent or translucent to visible
light 1s preferably used for the sealing member 1018, which 1s
also preferred to allow as little moisture and oxygen as pos-
sible to transmit.

In FIG. 10, the pixel electrode serves as the cathode and the
EL layer and the anode are layered thereon. Therefore, light 1s
emitted in the direction indicated by the arrow 1n FIG. 10.

Embodiment 5 may be combined with Embodiment 1 or
Embodiment Modes 1 or 2.

Embodiment 6

FIG. 11 1s a diagram showing an example of a laser pro-
cessing apparatus which 1s capable of being applied to the
present invention. This apparatus 1s constituted of a laser 700,
an optical system 701, a substrate stage 702, a substrate
conveyor means 704, a blower 710, and the like. Further, a
cassette 708 for holding a substrate 711, a cassette holder 707,
a nozzle 709 that becomes a gas exhaust port 1n removing
debris and the like on the substrate by a gas supplied from a
blower, and the like are prepared as accessories. Note that gas
emitted from the nozzle 709 1s blown to regions 1n which laser
light 1s 1rradiated.

A gaseous state laser such as an excimer laser that emaits
light with a wavelength equal to or less than 400 nm, or asolid
state laser such as Nd-YAG laser, Nd—Y VO, laser,oraYLF
laser 1s used as the laser. In addition to the fundamental
harmonic (1060 nm), harmonic such as the second harmonic
(532 nm) or the third harmonic (353.3 nm) can be used with
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the Nd-YAG laser. The laser which performs pulse emission
with an emission frequency on the order of 5 to 300 Hz 1s
employed.

The optical system 701 1s a system for condensing and
expanding laser light emitted from the laser 700, and 1rradi-
ating linear laser light with a fine line cross section to a surface
to be wrradiated. Although the structure of the optical system
701 may be arbitrary, 1t 1s structured here by using compo-
nents such as a cylindrical lens array 712, a cylindrical lens
713, a marror 714, and a doublet cylindrical lens 715. It 1s
possible to irradiate linear shape laser light which has a length
in the longitudinal direction on the order of 100 to 400 mm
and a length 1n the width direction on the order of 100 to 500
um although 1t depends upon the size of the lenses.

The stage 702 maintains the substrate 711 to be processed,
and moves 1n synchronization with the laser. A gas supply
means 703 for supplying compressed air or compressed nitro-
gen 1s connected to the stage 702. Gas 1s blown from pores
provided 1n a main surface of the stage 702 to make it possible
to hold the substrate 711 without contact with the stage 702.
The substrate can be held without bowing by maintaining a
state 1n which the gas blown out from the pores strikes a main
surface of the substrate. The height at which the substrate 711
floats can be set at 10 um to 1 cm. Contamination of the
substrate 711 can be prevented and changes in the tempera-
ture of the substrate can be made smaller, by holding the
substrate 711 without direct contact with the stage.

It 1s performed by the conveyor means 704 to take the
substrate 711 out from the cassette 708 and move thereof
accompanied with laser processing. An arm 705 1s prepared in
the conveyor means 704. It becomes possible to irradiate the
linear laser light over the entire substrate with the arm 705
grasping one end of the substrate 711 and moving 1n an axial
direction. The conveyor means 704 1s operated in accordance
with a control device 706, with being linked with emission of
the laser 700.

Further, a conveyor means which 1s capable of moving the
substrate 1n a normal direction to the axial direction 1s pre-
pared 1n the case 1n which a side of the substrate 711 has a
larger length than the length of the linear laser light in the
longitudinal direction (not shown in the figure). It becomes
possible to 1wrradiate the laser light over the entire substrate
surface by using the two conveyor means which are capable
of moving the substrate in mutually perpendicular directions.

This type of laser apparatus 1s particularly effective in the
case ol processing glass substrate with a length of an edge
over 1000 mm and a thickness equal to or less than 1 mm. For
example, a glass substrate which has a size o1 1200 mmx1 600
mm or 2000 mmx23500 mm and has a thickness 01 0.4 to 0.7
mm can be processed. A glass substrate easily bow if the
surface area of the glass substrate 1s large-sized and the thick-
ness becomes small. However, the substrate can be held with
maintaining a level surface by holding the substrate using the
gas blown out from the pores 1n the stage 702, as explained
above.

Further, 1t 1s possible to freely combine Embodiment 6 with
any one of Embodiment Mode 1, Embodiment Mode 2, and
Embodiments 1 to 5. For example, 1t 1s possible to apply
Embodiment 6 to the irradiation of the first laser light 1n
Embodiment Mode 1. At this time, air, or a gas containing
oxygen, blown out from the nozzle may be blown out to
regions to which the laser light 1s 1irradiated. Furthermore, 1t 1s
possible to apply Embodiment 6 to the irradiation of the
second laser light in Embodiment Mode 1. In this case, an
iert gas, for example, nitrogen, 1s used as the gas emitted
from the nozzle, and may be blown out to the regions at which
the laser light 1s 1rradiated to perform leveling the surface of
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the semiconductor film. It 1s therefore not necessary to
replace the atmosphere within a processing chamber for irra-
diating laser light 1n the case of combining Embodiment 6
with Embodiment Mode 1. It can be performed to 1rradiating
the first laser light and the second laser light 1n a short amount

of time by appropriately switching the gas blown out from the
nozzle.

Embodiment 7

The driver circuit portion and the pixel portion fabricated
by 1mplementing the present invention can be utilized for
various modules (active matrix liquid crystal module, active
matrix EL module and active matrix EC module). Namely, all
of the electronic apparatuses are completed by implementing
the present invention.

Following can be given as such electronic apparatuses:
video cameras; digital cameras; head mounted displays
(goggle type displays); car navigation systems; projectors;
car stereo; personal computers; portable information termi-
nals (mobile computers, mobile phones or electronic books
etc.) etc. Examples of these are shown 1 FIGS. 14A-14F,
15A-15D and 16A-16C.

FIG. 14 A 1s a personal computer which comprises: a main
body 2001; an image mput section 2002; a display section
2003; and a keyboard 2004.

FI1G. 14B 1s a video camera which comprises: a main body
2101; a display section 2102; a voice mput section 2103;
operation switches 2104; a battery 2103 and an 1image receiv-
ing section 2106.

FIG. 14C 1s a mobile computer which comprises: a main
body 2201; a camera section 2202; an image receiving section
2203; operation switches 2204 and a display section 2205.

FIG. 14D 1s a goggle type display which comprises: a main
body 2301; a display section 2302; and an arm section 2303.

FIG. 14F 1s a player using a recording medium which
records a program (hereinafter referred to as a recording
medium) which comprises: a main body 2401; a display
section 2402; a speaker section 2403; a recording medium
2404 ; and operation switches 2405. This apparatus uses DVD
(digital versatile disc), CD, etc. for the recording medium,
and can perform music appreciation, film appreciation,
games and use for Internet.

FIG. 14F 1s a digital camera which comprises: a main body
2501; a display section 2502; a view finder 2503; operation
switches 2504; and an 1mage receiving section (not shown 1n
the figure).

FIG. 15A 1s a front type projector which comprises: a
projection system 2601; and a screen 2602. Embodiment 4
can be applied to the liquid crystal module 2808 which forms
a part of the projection system 2601 to complete the whole
system.

FIG. 15B 1s a rear type projector which comprises: a main
body 2701; a projection system 2702; a mirror 2703; and a
screen 2704. Embodiment 4 can be applied to the liquid
crystal module 2808 which forms a part of the projection
system 2702 to complete the whole system.

FIG. 15C 1s a diagram which shows an example of the
structure of a projection system 2601 and 2702 1n FIGS. 15A
and 15B, respectively. Each of projection systems 2601 and
2702 comprises: an optical light source system 2801; mirrors
2802 and 2804 to 2806; a dichroic mirror 2803; a prism 2807;
a liquid crystal module 2808; a phase differentiating plate
2809; and a projection optical system 2810. The projection
optical system 2810 comprises an optical system having a
projection lens. Though this embodiment shows an example
of 3-plate type, this 1s not to limit to this embodiment and a
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single plate type may be used for instance. Further, an opera-
tor may appropriately dispose an optical lens, a film which
has a function to polarize light, a film which adjusts a phase
difference or an IR film, etc. in the optical path shown by an
arrow 1n FIG. 15C.

FIG. 15D 1s a diagram showing an example of a structure of
an optical light source system 2801 in FIG. 15C. In this
embodiment, the optical light source system 2801 comprises:
a retlector 2811; a light source 2812; lens arrays 2813 and
2814; a polarizer conversion element 2815; and a collimator
lens 2816. Note that the optical light source system shown 1n
FIG. 15D 1s merely an example and the structure 1s not limited
to this example. For instance, an operator may appropriately
dispose an optical lens, a film which has a function to polarize
light, a film which adjusts a phase difference or an IR film, etc.

Note that the projectors shown FIGS. 15A-15D are the
cases of using a transmission type electro-optical device, and
applicable examples of a reflection type electro-optical
device and an ELL module are not shown.

FIG. 16A 1s a mobile phone which comprises: a main body
2901 ; a voice output section 2902; a voice input section 2903;
a display section 2904; operation switches 2905; an antenna
2906; and an 1mage mput section (CCD, 1image sensor, etc.)
2907 etc.

FIG. 16B 1s a portable book (electronic book) which com-
prises: a main body 3001; display sections 3002 and 3003; a
recording medium 3004; operation switches 3005 and an
antenna 3006 etc.

FIG. 16C 1s a display which comprises: a main body 3101;
a supporting section 3102; and a display section 3103 etc.

In addition, the display shown in FIG. 16C 1s small and
medium type or large type, for example, 5 to 20 inches screen
display. Moreover, it 1s preferable to mass-produce by per-
forming a multiple pattern using 1x1 m substrate to form such
s1zed display section.

As described above, the applicable range of the present
invention 1s very large, and the mvention can be applied to
clectronic apparatuses of various areas. Note that the elec-
tronic devices of this embodiment can be achieved by utiliz-
ing any combination of constitutions in Embodiments 1 to 6.

Embodiment 8

Electrical characteristics of TFTs obtained by using the
TFT manufacturing processes disclosed in Embodiment
Mode 1 and in Embodiment Mode 2 are shown in FIGS. 17A
to 19 1n Embodiment 8.

Note that samples Al to A3 shown 1n FIGS. 17A to 19 are
TFTs manufactured by processes which are corresponding to
Embodiment Mode 1 (n-channel TFT's, L/W=50/50), and that
samples B1 to B3 are TFTs manufactured by processes which
are corresponding to Embodiment Mode 2 (n-channel TFTs,
L/W=50/50).

Processes for manufacturing the samples Al to A3 are
shown next. First, a base insulating film with a thickness of
150 nm (a 50 nm thick first silicon oxynitride film and a 100
nm thick second silicon oxynitride film) 1s formed on a glass
substrate, and a 54 nm thick amorphous silicon film 1s formed
on the base insulating film by plasma CVD. After forming an
oxide film on the surface of the amorphous silicon film by
using ozone water, a channel doping process of adding a

p-type impurity element or an n-type impurity element with a
low concentration 1s performed 1n order to control the thresh-
old voltage of the TF'T. Note that boron 1s added to the amor-
phous silicon film by using 1on doping 1n which diborane
(B,H,) 1s plasma-excited without mass separation, under
doping conditions of an acceleration voltage of 15 kV, a tlow




US 7,655,513 B2

35

rate of diborane gas of 30 sccm, and a dosage of 1x10"*/cm”.
A mickel acetate salt solution containing 10 ppm nickel by
weight 1s then applied by using a spinner. Heat treatment 1s
performed next to perform crystallization.

In the heat treatment, the sample Al 1s crystallized by
performing irradiation of strong light for 90 seconds at 700°
C. with a multitask type lamp annealing apparatus with a total
of 21 tungsten halogen lamps. Further, the samples A2 and A3
are crystallized by performing heat treatment using an oven
(at 550° C. for 4 hours) after performing dehydrogenation for
one hour at 500° C.

After the surfaces of the TFT's are then cleaned to remove
natural oxide films and the like, laser light (first laser light:
energy density 475 mJ/cm?) is irradiated in the atmosphere or
an oxygen atmosphere 1n order to increase crystallization rate
(the proportion of crystalline components to the total volume
of the film) and 1n order to repair defects remaining within
crystal grains.

In irracdhating the first laser light, the samples A1 and A3 are
subjected to 1rradiation of an excimer laser under an oxygen
and nitrogen atmosphere, while the sample A2 1s subjected to
irradiation in the atmosphere.

When laser light (first laser light) 1s irradiated, unevenness
1s formed 1n the surface together with a thin oxide film. In
addition, an oxide film 1s formed by using an ozone contain-
ing solution (typically ozone water), to form a barrier layer of
an oxide film with a total thickness of 1 to 10 nm. An amor-
phous silicon film containing argon element (which becomes
gettering sites) 1s formed by sputtering to have a thickness of
150 nm on the barrier layer. Note that the oxide film formed 1n
irradiating laser light can be considered as a portion of the
barrier layer.

Next, irradiation of strong light 1s performed at 650° C. for
180 seconds using the lamp annealing apparatus, and getter-
ing 1s performed to reduce the concentration of a metallic
clement (nickel) 1n, or remove the metallic element from, the
first semiconductor film.

After the amorphous silicon film containing argon element
1s selectively etched next with the barrier layer as an etching
stopper, the barrier layer of the oxide film 1s then removed.

Laser light (second laser light: energy density 535 mJ/cm?)
1s then 1rradiated to the silicon film with the crystalline struc-
ture 1n a nitrogen atmosphere. Observation by optical micro-
scope performed immediately after irradiating the second
laser light confirmed the leveled surtace of the silicon film,
compared to the state immediately after mrradiating the first
laser light.

After a thin oxide film 1s then formed on the surface of the
obtained silicon film comprising the crystalline structure
(also reterred to as a polysilicon film) by using ozone water,
amask of resist1s formed. Etching into a predetermined shape
1s performed to separated semiconductor layers with 1sland
shape, and the resist mask 1s removed.

The oxide film 1s then removed by an etchant containing,
hydrofluoric acid, together with cleaning the surface of the
silicon film at the same time. Next, an msulating film con-
taining silicon as i1ts main constituent, which becomes a gate
insulating film, 1s formed by plasma CVD to silicon oxyni-
tride film (composition: S1=32%, O=59%, N=7%, H=2%)
with a thickness of 115 nm.

Subsequent processes are performed in accordance with

Embodiment 1 from forming a gate electrode, and the TETs of
the samples Al to A3 are manufactured.

A process for manufacturing the samples Bl to B3 1s
shown next. The samples Al to A3 are TFT's irradiated by the
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second laser light after gettering while gettering 1s performed
alter 1rradiating the second laser light for the samples B1 to
B3.

First, by using similar procedures to those for the samples
Alto A3, abase msulating film and an amorphous silicon film
1s formed on a substrate, a nickel acetate salt solution con-
taining nickel 1s applied by using a spinner, and heat treatment
1s performed to perform crystallization and form a silicon film
with crystalline structure.

The sample B1 1s crystallized by performing irradiation of
strong light at 700° C. for 90 seconds by using the lamp
annealing apparatus in the heat treatment. Further, the
samples B2 and B3 are crystallized by performing heat treat-
ment using an oven (at 550° C. for 4 hours) after performing
dehydrogenation for one hour at S00° C.

After the surfaces of the TFTs are then cleaned to remove
natural oxide films and the like, laser light (first laser light:
energy density 475 mJ/cm?) is irradiated in the atmosphere or
an oxygen atmosphere, 1n order to increase crystallization
rate (the proportion of crystalline components to the total
volume of the film) and 1n order to repair defects remaining
within crystal grains.

The samples B1 and B3 are irradiated using excimer laser
under an oxygen and nitrogen atmosphere when the first laser
light 1s 1rradiated, while the sample B2 1s irradiated using the
excimer laser in the atmosphere.

Laser light (the second laser light: energy density 535
mJ/cm?) is then irradiated to the silicon film with the crystal-
line structure under a nitrogen atmosphere after cleaning the
surtace to remove natural oxide films and the like. Observa-
tion by optical microscope immediately after irradiating the
second laser light confirmed the leveled surface of the silicon
f1lm.

An oxide film 1s formed next by using an ozone containing
solution (typically ozone water), to form a barrier layer of an
oxide film with a thickness of 1 to 10 nm. An amorphous
silicon film contaiming argon element (which becomes get-
tering sites) 1s formed by sputtering to have a thickness o1 150
nm on the barrier layer.

Next, irradiation of strong light 1s performed at 650° C. for
180 seconds using the lamp annealing apparatus, and getter-
ing 1s performed to reduce the concentration of a metallic
clement (nickel) 1n, or remove the metallic element from, the
first semiconductor film.

The amorphous silicon film containing argon element 1s
selectively etched next with the barrier layer as an etching
stopper, and the barrier layer of the oxide film 1s then
removed.

After a thin oxide film 1s then formed on the surface of the
obtained silicon film with the crystalline structure (also
referred to as a polysilicon film) by using ozone water, a mask
of resist 1s formed. Etching into a predetermined shape 1s
performed to form separated semiconductor layers with an
1sland shape, and the resist mask 1s removed.

The oxide film 1s then removed by an etchant containing,
hydrofluoric acid, together with cleaning the surface of the
silicon film at the same time. Next, an msulating film con-
taining silicon as its main constituent, which becomes a gate
insulating film, 1s formed by plasma CVD to silicon oxyni-
tride film (composition: S1=32%, O=59%, N=7%, H=2%)
with a thickness of 115 nm.

Subsequent processes are performed in accordance with
Embodiment 1 from forming a gate electrode, similarly to the
case of samples Al to A3, and the TF'T's of the samples B1 to
B3 are manufactured.

Further, a comparative sample 1s also shown. The compara-
tive sample 1s a TF'T formed by performing irradiation of the
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first laser light under an oxygen and nitrogen atmosphere,
without performing irradiation of the second laser light.

The electrical characteristics of the TFTs (samples Al to
A3, samples Bl to B3, and Comparative Sample) thus
obtained 1n accordance with the above procedures were

respectively measured.
FIG. 17A shows the off current value at Vd=1 V (referred

to as Ioill), and FIG. 17B shows the off current value at Vd=3
V (referred to as Ioff2). It can be seen from FIGS. 17A and
178 that the ofl current values 1s lower for the samples Al to
A3 and for the samples B1 to B3, compared to the off current
value of the comparative sample. Further, the off current
values for the samples B1 to B3, which are subjected to the
processes of Embodiment Mode 2, are lower than the off
current values for the samples Al to A3. It therefore can be
said that Embodiment Mode 2, in which leveling by using the
second laser light 1s performed before gettering, 1s preferable
compared to Embodiment Mode 1, provided that importance
1s placed on the off current value.

Further, FIG. 18 shows the S value (subthreshold coetti-
cient 1n the unit of V/decade). It can be seen that the S values
of the samples B1 to B3 are lowest, and are good values. It can
also be seen that the S values of the samples B1 to B3, which
are subjected to the processes of Embodiment Mode 2, are
lower than those of the samples Al to A3.

FI1G. 19 shows the electric field effect mobility (UFE, also
referred to as mobility, in the unit of cm®/Vs). It can be seen
that the values of the electric field effect mobility of the
samples B1 to B3 are high, and good values. Furthermore, it
can be seen that the electric field effect mobility values of the
samples B1 to B3, which are subjected to the processes of
Embodiment Mode 2, are higher than those of the samples Al
to A3.

The effects of Embodiment Mode 1 and Embodiment
Mode 2 can be confirmed by the experimental results of
FIGS. 17A to 19.

According to the present invention, the levelness of semi-
conductor films can be greatly increased, metallic elements
added for promoting crystallization can be removed eifi-
ciently, the electrical characteristics of TFT's using the semi-
conductor films as active layers can be increased, and disper-
sion 1n individual elements can be reduced. In particular,
display 1rregularities 1n liquid crystal display devices due to
dispersion 1n TFT characteristics can be reduced.

In addition, according to the present invention, the level-
ness ol semiconductor films can be greatly increased, and
dispersion in respective TF'T's can be reduced. In particular,
the TFT off current value can be reduced, and dispersion in
the off current value can be suppressed at the same time.
Accordingly, the operational characteristics of semiconduc-
tor devices using such TFT's can be improved, and a lowering,
ol the amount of electric power consumption can be achieved.
In semiconductor devices which have OLEDs, dispersion of
the on current (Ion) of TFTs arranged 1n order that a fixed
clectric current tlows to pixel electrodes (TFTs for supplying
clectric current to OLEDs disposed in driver circuits or pix-
¢ls) can be lowered, and therefore dispersion in brightness
can also be reduced.

What 1s claimed 1s:

1. A method of manufacturing a semiconductor device
comprising:
forming a crystalline semiconductor film comprising sili-
con on an insulating surface;
irradiating the crystalline semiconductor film with a first
laser light 1n an oxygen containing atmosphere so that
crystallinity of the crystalline semiconductor film 1s
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increased wherein an oxide film 1s formed on the crys-
talline semiconductor film during the irradiation of the
first laser light;

removing the oxide film after 1rradiating the first laser light;
and

alter removing the oxide film, irradiating the crystalline
semiconductor {ilm with a second laser light 1n an 1nert

gas to level a surface of the crystalline semiconductor
f1lm.

2. The method according to claim 1 wherein the crystalline
semiconductor film 1s formed by crystallizing a semiconduc-
tor film comprising amorphous silicon by heating.

3. The method according to claim 1 wherein the first laser
light 1s selected from the group consisting of excimer laser,
YAG laser, YVO, laser, YLF laser, YAIO, laser, glass laser,
ruby laser, alexandrite laser and Ti:sapphire laser.

4. The method according to claim 1 wherein the second
laser light 1s selected from the group consisting of excimer
laser, YAG laser and YVO, laser.

5. The method according to claim 1 wherein the inert gas
contains nitrogen.

6. A method of manufacturing a semiconductor device
comprising:

forming a crystalline semiconductor film comprising sili-

con on an mnsulating surface;

irradiating the crystalline semiconductor film with a first

laser light 1n an oxygen containing atmosphere so that
crystallinity of the crystalline semiconductor film 1is
increased wherein an oxide film 1s formed on the crys-
talline semiconductor film during the 1rradiation of the
first laser light;

removing the oxide film after irradiating the first laser light;

and

alter removing the oxide film, irradiating the crystalline

semiconductor film with a second laser light 1n a vacuum
to level a surface of the crystalline semiconductor film.

7. The method according to claim 6 wherein the crystalline
semiconductor film 1s formed by crystallizing a semiconduc-
tor film comprising amorphous silicon by heating.

8. The method according to claim 6 wherein the first laser
light 1s selected from the group consisting of excimer laser,
YAG laser, YVO, laser, YLF laser, YAIO, laser, glass laser,
ruby laser, alexandrite laser and Ti:sapphire laser.

9. The method according to claim 6 wherein the second
laser light 1s selected from the group consisting of excimer
laser, YAG laser and YVO, laser.

10. A method of manufacturing a semiconductor device
comprising:

forming a crystalline semiconductor film comprising sili-

con on an mnsulating surface;

irradiating the crystalline semiconductor film with a first

laser light 1n an oxygen containing atmosphere so that
crystallinity of the crystalline semiconductor film 1is
increased;

ox1dizing a surface of the crystalline semiconductor film to

form an oxide film after wrradiating the first laser light;
removing the oxide film; and

after removing the oxide film, irradiating the crystalline
semiconductor film with a second laser light in an inert
gas to level a surface of the crystalline semiconductor
f1lm.

11. The method according to claim 10 wherein the crystal-
line semiconductor film 1s formed by crystallizing a semicon-
ductor film comprising amorphous silicon by heating.

12. The method according to claim 10 wherein the first
laser light 1s selected from the group consisting of excimer
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laser, YAG laser, YVO, laser, YLF laser, YAIO, laser, glass removing the oxide film; and

laser, ruby laser, alexandr;te laser 3_11(1 lesapph%re laser. after removing the oxide film, irradiating the crystalline
13. The 1}1‘3th0d according to claim 10 Wl_le{' ein the se(?ond semiconductor film with a second laser light 1n a vacuum

laser light 1s selected from the group consisting of excimer to level a surface of the crystalline semiconductor film.

laser, YAG laser and YVO, laser. 5

16. The method according to claim 15 wherein the crystal-
line semiconductor film 1s formed by crystallizing a semicon-
ductor film comprising amorphous silicon by heating.

14. The method according to claim 10 wherein the inert gas
contains nitrogen.
15. A method of manufacturing a semiconductor device
comprising;
forming a crystalline semiconductor film comprising sili- 10
con on an insulating surface;
irradiating the crystalline semiconductor film with a first

17. The method according to claim 15 wherein the first
laser light 15 selected from the group consisting of excimer
laser, YAG laser, YVO, laser, YLF laser, YAIO, laser, glass

laser, ruby laser, alexandrite laser and Ti:sapphire laser.

laser light 1n an oxygen containing atmosphere so that 18. The f_11‘3th0d according to claim 15 Wl_lel: ein the 5‘3?011(1
crystallinity of the crystalline semiconductor film is laser light 1s selected from the group consisting of excimer
increased: 5 laser, YAG laser and YVO,, laser.

oxidizing a surface of the crystalline semiconductor film to
form an oxide film after irradiating the first laser light; %k ok k%
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